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SUMMARY

Transient film boiling of distilled water at, or very close to,
saturation conditions from small diameter, norizontal, electrically
heated platinum wires has been investigated. An approximate step change
in wire temperature wzs accomplished by rapid discharge of energy from
an electrical capacitor into the heating element. The resulting wire
temperature rise occurred in the order of 50 microseconds and was meas-
ured by means of prior thermometric calibration of a Wheatstone bridge,
element wire, and oscilloscope system. The transient film growth was
recorded by means of high speed motion pictures.

Wire sizes used in this study were ten mils and twelve and one-half
mils. A total of twelve experiments were conducted covering a range 1n
excess temperature from 1019 to 1529 degrees Fahrenheit. The resulting
vapor growth could be described as approximately cylindrical for an excess
temperature greater than 1000 degrees Fahrenheit, but could not be so
described for lower temperatures. The transient cylindrical growth usually
lasted for approximately ten milliseconds, after which the onset of large
bubble formation at nodes along the length of the wire, typical of steady
state conditions, was evident.

The motion picture data were reduced to yield vapor growth rate
information. This involved about 250 diameter measurements for each film.
or a total of more than 3000 measurements. Volume median diameters wzre
computed from these data, and are presented as a function of time for each

experiment.



Evidence of vigorous nucleate boiling was noted during the first
fraction of a millisecond during each test. That this phenomenon was
not peculiar to platinum surfaces, due, perhaps, to a catalytic action,
was demonstrated by the use of a high purity gold wire heater element

An analysis to predict vapor growth rate for saturated pool tran-
sient film boiling from a horizontal cylindrical surface 1s presented
This analysis presumes that the primary modz of heat transfer 15 by con-
duction through the film to the vapor-liquid interface., Thus tne energy
equation is reduced to the transient conduction equation in cylindrical
coordinates, and a closed form solution for small intervals of the time
was found, The solution utilizes the customary law of the phase change
front that the location of the interface 1s proportional to the square
root of the time. This 1s modified slightly to account for the initial
wire radius. The solution to the ensrgy equation is found to be the func
tion Ei(— 52% )}, and the resulting transcendental equation for the con-
stant of proportionality in tne assumed law of the phase change front can
be readily solved by slide rule and tebles of the exponential integral.
The analytical solution thus obtained correlates the experimental data of
this investigation quite well.

Heat flux rates were calculated from the measured vapor formation
data, and when time averaged for a nine millisecond interval, range from
50,000 to 90,000 Btu/hr--ft2 for the 10 mil size wire with corresponding

excess temperatures from 1043 to 1529 degrees Fanhrenneit.
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NOMENCLATURE

wire surface. area.:
total hemispherical absorptance
oscilloscope drift

phase change growth proportionality
parameter defined by Equation (4.38)

capacitance

constants used in solution of energy equation

specific heat at constant pressure
diameter

actual wire diameter

projected wire diameter

projected vapor cylinder diameter
vapor-liquid interfacial definition error

exponential integral function defined by
Equation (4.21)

Wheatstone bridge applied potential
Wheatstone bridge unbalance

body force in momentum equation
oscilloscope gain

potentiometer error

heat of vaporization

Wheatstone bridge current

thermal conductivity

xi

Units

The

dimensionless

mm

in/seco°5

farads

dimensionless
Btu/lb °F

in

in

in

in

in

dimensionless

millivolt
millivolt
1b
millivolt/cm
millivolt
Btu/lb

milliampere

Btu/sec in ©°F




X11

Symool _Snits
L vapor cvlinder total length in
4 length 10, om
M mass 1lb
m variable of measurement in error analysis -
n integer dimensionless
2 thermecouple error oF
P static pressure psi
Q capacitor charge joule
q heat flux Btu/sec in?
R vapor-liquid interfacial radius, in
electrical resistance ohm
R vapor-liquid interfacial velocity in/sec
T radius in
S oscllloscope reading error nm
T temperature 9F
t time, general second
v electrical potential volts
vapor cylinder volume in3
\ velocity in/sec
X general mathematical variable dimensionless
y dummy variable of integration, Equation (4.20) dimensionless
Greek
Letter
Synbols
a thermal diffusivity inz/sec, :m?/sec

ﬁl’ﬁQ’Ba constants used in solution of energy
equation dimensionless
B 4P



Greek

Letter

Symbols

£ thermal emissivity

¢ parameter defined by Equation (4.30)

1 parameter defined by Equation (4.03)

(3] non-dimensional temperature gradient
defined by Equation (4.13)

L8 second coefficient of dynamic viscosity

e coefficient of dynamic viscosity

p density

3 Stefan-Boltzmann constant

T specific time

i angular coordinate

¥ arbitrary mathematical function used
in Egquation (C.1)

Subscripts

i incremental unit

L refers to liquid phasze

m mean, mass

o] initial condition

p most probable

r radial

sat refers to saturation condition

% refers to vapor phase

w wall (wire)

z length coordinate

angular coordinate

Units

dimensionless
dimensionliess

dimensionless

dimensionless

1b/in sec

lb/in cec

1b/1n3

Btu/in2 sec °R4
second

radian



CHAPTER I

INTRODUCT ION

There is a current interest at the Georgia Institute of Technology
in the possibility of metering smail volume, periodic fluid flows by means
of boiling heat transfer. Specifically, this i1nterest 1s concerned with
fuel injection systems for internal combustion engines. The present
investigation was undertaken largely as a direct result of this interest,
Also, there is a more widespread interest in transient boiling behavior
because the control and response of some thermal systems, notably nuclear
reactors, depend to a large extent upon this phenomenon. Indeed, the
safe operation of such systems can be assured only if the designer has
adequate knowledge of rate of vapor formation throughout the boiling range
which could result due to large, rapid temperature excursions. In addition
to these applications, transient film boiling 1s frequently encountered in
metal quenching operations. A better knowledge of the phenomenon would be
useful in predicting the transient temperatures of the metal, and thus

could lead to improved treatment procedures.

Historical Background

Prior to discussing the specific problem investigated, a brief
review of boiling phenomena will be presented. Modern investigations into
this mode of heat transfer began in 1934, when Nukiyama (1) aroused aca-
demic curiosity because of his then unusual findings relative to heat

transfer during boiling of water from a submerged resistance wire. This



marked the beginning of intensive efforts by many researchers throughout
the world to understand and explain the various phenomena associated with
boiling heat transfer. This activity has continued unabated to the pres-
ent date; indeed the present author's literature survey revealed 134
technical publications concerned with boiling heat transfer during the
past seven years.

The simplest form of boiling is encountered when a heated surface
is exposed to a liquid at or near saturation conditions with no external
agitation or forced convective currents. This is generally referred to as
pool boiling. It is perhaps the most frequently encountered form of
boiling and is typified by the common tea kettle on a cook stove. The
primary correlation for steady state, pool boiling heat transfer is
usually expressed in the form of the boiling curve shown in Figure 1.

The rather odd shape of this curve 15 a result of the fact that it is
in actuality composed of four main regimes, each representing a totally
different mechanism of heat transfer. In regime I, there is no phase
change and the heat transfer is due to natural convection. In this
region, the customary free convection heat transfer relationships are
quite adequate to predict heat transfer rates.

As the wall temperature is increased such that the excess tempera-
ture (this term is customarily used to represent the difference between
the wall and the fluid saturation temperatures) approaches point b, phase
change begins to occur in the form of bubbles at favored nucleation sites
along the surface. The number of such sites is dependent upon several
variabless generally the nucleation begins with only one, or at most, a

few such sites. For a given surface and fluid, the density of these sites
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increases with increasing excess temperature. The mechanism of heat
transport in regime II is very complex - heat is being removed from the
surface both by the vaporization process and by the high velocity convec-
tion currents associated with break-away of the bubbles. Of the many
theories concerning nucleate boiling a notable example is the thin film
vaporization-condensation mass transfer model proposed by Snyder (2). This
has recently been verified and is described in detail in a Ph.D. thesis by
Robin (3). For the present purpose, suffice it to say that the heat flux
increases with increasing density of nucleating sites until the excess
temperature approaches point d.

As the excess temperature passes through point ¢; an inflection
occurs in the curve. This 1s a result of increased nucleation rezulting
in the bubbles coalescing to form continuous columns of vapor and thereby
causing a reduction in individual site effectiveness. As point d is
approached, nucleating sites become so numerous that the interference of
columns from individual sites causes a further loss in individual effective-
ness. At point d, the site density is so great that it prevents adequate
motion of liquid to the heated surface to replenish that ieaving by vapori-
zation. Here, the increase in number of sites with increase in excess
temperature exactly balances the loss of effectiveness of each site- This
results in a maximum value of the heat flux, which is usually referred to
as the critical heat flux, the DNB (departure from nucleate boiling), the
boiling crisis,; or the burnout point. All four of these terms have been
used interchangeably throughout the boiling heat transfer literature.

Increase in the excess temperature beyond point d results in transi-

tion boiling {also called partial film boiling), regime III of Figure 1.



This is the most unusual part of the boiling curve in that an increase

in excess temperature results in a decrease in the heat flux. The actual
mechanism, like that of nucleate boiling, is very complex. The phenomenon
appears to oscillate between film and nucleate boiling; the surface at
times being blanketed by a film and then returning to a nucleating condi-
tion. In the case of a heated wire, the film appears to move along the
length and then return. There is considerable disagreement among
researchers concerning the mechanism of transition boiling. While this
is undoubtedly the least understood of the boiling regimes, it is also
the least useful; the former is most probably a direct result of tne
latter.

As the excess temperature is increased to point e, the mechanism of
heat transfer changes to one of stable film boiling (regime IV). Here it
is generally agreed that the heat transport through the vapor film is by
conduction and radiation to the vapor-liquid interface where liquid 1s
being evaporated. It should be noted that the effect of radiation becomes
increasingly significant at high surface temperatures, especially when
accompanied by high surface emissivity,

For a more complete discussion of boiling heat transfer the reader
is referred to the excellent reviews of Jakob (4), Rohsenow (5), Kreith

(6), McAdams (7), and to the book devoted solely to boiling by Tong (&),

Purpose of This Research

This research is intended to investigate the initial regime of
transient film boiling from a small diameter, cylindrical surface. The
primary objectives are to develop an experimental transient film boiling

system which permits quantitative study of the phenomenon, and to develop



an analysis which represents the transient film growth during this initial
regime when the film can be described as cylindrical. The secondary
objective is to experimentally determine the heat transfer rates from

the heated surface, and to compare these with the results of a compli-

mentary analysis.

Related Literature

While the total research activity in the field of boiling has been
quite extensive, a rather limited effort has been directed toward transient
boiling. Most of the work that has been undertaken has been concerned with
prediction of heating surface temperatures during transients; the majority
of which has been further restricted to nucleate boiling. Cole (9) con-
ducted one of the earliest investigations of transient boiling phenomena.

He was primarily concerned with the determination of the temperatures
developed in a ribbon type heating element. McLean, et al., (10) conducted
an experimental investigation of transient boiling on a submerged horizontal
wire. They utilized a very high energy flux te the wire of extremely short
duration. This was accomplished by means of a square wave alternating
current applied to a resistance wire element for a time period of one
microsecond. The resulting film growth was recorded using stroboscopic
flash photography. No quantitative data were obtained. Rosenthal and
Miller (11) conducted an experimental investigation of heat transfer to
subcooled water under transient conditions. They employed exponentially
increasing heat generation in electrical resistance ribbons of platinum

and aluminum. The primary objective of their investigation was to determine

the heater surface temperature as a function of time. The range of



experiments included film boiling, but no void formation data are presented
in their publication. Hamill and Bankoff (12) postulated an infinite hori-
zontal plate experiencing a step change in wall temperature as the model
for their analytical study. They assumed heat to be transferred through

a continuous vapor film by conduction and convection., It appears that

they employed a plane surface model because of the simplifications result-
ing in the governing equations, since their work was apparently inspired

by the experimental investigation of MclLean and his co-workers. No compar-
ison of their solution with experimental data was presented. The same
authors (13) also determined theoretical expressions for upper and lower
limits of vapor growth for the cases of a) monotonic but arbitrary heat
flux and b) monotonic but otherwise arbitrary wall temperature.

H. A, Johnson, et al., (14) obtained experimental values of sur-
face temperatures and volumes of vapor produced during transient nucleate
boiling from metal ribbons. Exponentially increasing heat flux rates
were employed, and the transient pulses ranged from five to eighty milli-
seconds., Laurie and Johnson {(15) investigated transient boiling on a
vertical surface. The region of interest was the non-boiling through the
nucleate boiling regimes. An interplay of free convection and nucleate
boiling was evidenced. Graham (16) conducted an experimental study of
transient nucleate boiling on a horizontal surface, He found evidence of
free convection as well as thermal diffusion. For subcooled liquid, con-
siderable surface temperature overshoot was observed, whereas for saturated
boiling this did not occur. He studied thermal layer thicknesses in the
liquid by means of shadowgraphs and found them to be dependent upon orien-

tation (vertical or horizontal) of the heated surface,



Cooper and Lloyd (17) obtained simultaneous measurements of temper-
ature fluctuations at several points on the surface of a heated glass
plate as individual vapor bubbles formed, grew, and left the surface
during nucleate boiling. Those fluctuations had been predicted by Snyder
(2) using his thin film vaporization model. Temperature measurement was
accomplished with small resistance thermometers made of thin films of
_metal and semiconductor, and transient heat fluxes were deduced. Hall
and Harrison (18) investigated transient film boiling on a platinum ribbon
which was heated with an exponentially applied electric current. The time
duration of the current application ranged from five down to seven-tenths
millisecond, and thus afforded an extension of Johnson's earlier work.

The heat flux was recorded by means of voltage drops across a standard
resistance and the ribbon displayed as a function of time on a dual trace
storage oscilloscope. No vapor formation data were recorded.

In summary, for the geometry of the model of the current investi-
gation, there have been no previous experimental investigations which have
yielded quantitative film boiling vapor growth rate data, and no prior

theoretical analysis exists for transient film growth rate.



CHAPTER 11

APPARATUS

Transient Boiling System

The basic system required for investigation of transient film
boiling has three primary requirements; a) provision for rapid transfer
of energy to the boiling heater element to minimize time duration in the
nucleate regime, b) the capability for determination of the heater element
temperature within prescribed limits of accuracy, and ¢) a means for deter-
mination of the rate of vapor formation. The first of these requirements
is discussed in the present section, and the remaining two are covered
under separate paragraphs of this chapter.

Electrical Desiagn

Previous research in transient boiling phenomena has utilized
electrical heating of the heater element. Most of these investigations,
however, have employed electrical transients of the same order of time
duration as tne entire period of interest of the present investigation.

A notable exception to this is the work of MclLean and his co-workers (10)
but no temperature data for the heated surface were recorded during tneir
investigation.

Obviously, the optimum system would be one which would produce =
step~change in the heater element temperature with no change occurring
afterwards. The system shown as Figure 2 was designed to accomplish these

requirements. The primary elements of this system are:
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3 Rl =~ the heater element

° 120 microfarad main energy capacitor

> 470 YDC power supply

¢ Ignitron power tube

> Power transistor

+ Low voltage battery

Silicon rectifier
Precision shunt

- Oscilloscope - dual trace
This design was constructed and used for preliminary experimental studies.
The main capacitor was of the low internal resistance type. All wiring
for capacitor energy discharge to the heater element Rl was number ten
wire size or larger, and hence the resistance heating element was essen-
tially the total circuit resistance. As a consequence, practically all
of the capacitor discharge energy was dissipated in the platinum element
except for the losses associated with the Ignitron power tube. The time
for wire hest-up 1s controlled by the time constant of the resistance-
capacitance system. A numerical calculation for this 1s given in Appendix
B, where it is shown that the time for discharge is of the order of 50
microseconds.

A major feature of this system was the simultaneous firing of 3
"holding" current with the discharge of the main capacitor. This was
accomplished by actuation of the power transistor to apply a pre-determined
low voltage direct current from a lead storage cell. This voltage was
calculated to result in a heat dissipation in the heater element approxi-

mately equal to the heat flux to the liquid due to film boiling. The



silicon rectifier in the holding circuit prevented discharge of the main
capacitor into the storage cell.

With this system, the element temperature could be determined by
simultaneous measurement of the current flow and the potential change across
the heater element., These measurements in conjunction with a knowledge of
the temperature coefficient of electrical resistivity of the heater ele-
ment could be used to determine the element temperature. This method has
several disadvantages which are discussed under the topic of element temper-
ature measurement,

As a consequence of the temperature measurement problem;, the system
was modified to eliminate the holding current circuit, and to add the
Wheatstone bridge of Figure 7. The total circuit is presented as Figure
3. This design permits a temperature decay of the order of 50 degrees
Fahrenheit in the element during the transient boiling phenomencn, but this
is not of major significance to the current investigation as the element
temperatures utilized were from 1245 to 1740 degrees Fahrenheit. The
major improvement afforded by this modification is a reduction of at least
50 per cent in temperature measurement error, and direct temperature cali-
bration of the entire system as a unit.,

Heater Element Design

The heater element material selected for this investigation was
commercially pure platinum wire. This selection was based upon the favor-
able properties of platinum for use as a resistance thermometer and its
low thermal emissivity. The heater element was mounted in a plate glass
tank as shown in Figure 4. The large electrodes constitute the only part

of the bridge circuit which was not duplicated during the temperature
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calibration. This was rendered insignificant because of the extremely low
electrical resistance of these electrodes.

Several designs for mounting the wire in the one-gighth inch
diameter bronze holders were tried. The first of these consisted of
drilling a hole with a number 80 twist drill in the bronze holdsr to a
depth of approximately eone-tenth inch. The siightly smaller diameter plat-
inum wire was 1nserted into this hole, and the bronze was crimped to secure
the wire to the holder. This technique proved to be unsatisfactory due to
increasing contact resistance during the rather lengthy temperature cali
bratien. This was attributed to corrosion of the bronze surface at the
elevated temperatures of the cealibration.

The second technique utilized a similar design except the platinum
wire was silver soldered to the bronze holder. This was accomplished by
first counter-boring the end of the one-eighth inch rod with a number 30
twist dril)l to form a pocket to hold the solder and flux, A number 80
drill size nhole was then drilled in the center of the counter-bore to an
approximate one-tenth inch depth. With the holder in the vertical posi-
tion, the platinum wire was inserted in ths number 80 hole, the counter-
bored volume was filled with sclder and flux. and the holder was then
heated with a small oxy-acetylene flame until the solder melted and formed
a bond between the wire and the holder. This design is shown as Figure 5.

This design was acceptable and was used for several heater elements
during the experimental program. There was one disadvantage, nowever,
that was overcome by a brazing technique. This concerned the maximum
temperature to which the element assembly could be subjected during cali-

bration. In the course of the experimental investigation, it was found
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desirable to collect data for element temperatures in excess of 1700 degrees
Fahrenheit. The maximum calibration temperature for a silver-soldered
element was approximately 1300 degrees Fahrenheit (because of the melting
point of the solder used), and this would have resulted in excessive extrap-
olation of the calibration data. Consequently, a brazed design was devel-
oped.

Since a brazing rod section was being used as the wire holder, a
fabrication problem was encountered. Elevation of the rod material to per-
mit brazing to the platinum wire resulted in loss of configuration of the
holder to such an extent that it would no longer fit in the prepared elec-
trodes. An attempt to fabricate holders of stainless steel tubing filled
by melting a brazing rod inside the tubing proved unsuccessful due to the
excessive electrical resistance of the thin shell of stainless steel.

This problem was resolved by installing a short section of one-
eighth inch copper tubing over the end of the brazing rod used as the wire
holder. Brazing flux was then applied to the end surface of the rod; and
heat was applied to the copper sleeve with the small oxy-acetylene flame.
The copper, having a melting point in excess of 1900 degrees Fahrenheit,
retained the rod material as it became fluid, and the platinum wire was
simply inserted to a depth of approximately one-tenth inch into the molten
rod. The flame was removed, and the brazed connection was allowed to cool.
This configuration is shown as Figure 6. This design, in addition to per-
mitting higher temperature calibration, was found to be easier to fabricate
than any other due to the lack of any requirement for drilling very small
holésﬂ

The physical size of the heater element was governed by two factors;
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first, the total energy available for the element temperature step-change,
and second, the loss due to end conduction of heat into the wire holders.
The energy available to heat the wire is the capacitor charge minus the

switching loss. The capacitor charge is given by
Q = Cv (2:1)

The maximum voltage from the power supply is 470 volts d.c., and with the
120 microfarad capacitor, the total energy available is approximately

13.5 joules. Assuming a 25 per cent switching loss, the energy avail-

able for heating the element is approximately ten joules. The largest wire
size for the present investigation was number 28 (0.0126 inch diameter),

and using specific heat and density values

@]
H

0.035 Btu/lb_°F (2:2)

= 0,774 lb/in3 (2.3)

=
I

the temperature rise for a two-inch long section of this wire is found

from
Mcpar =Q, (2.4)

From Equation (2.4), the temperature change was calculated to be approxi-

mately 1400 degrees Fahrenheit,

The two-inch length was selected to minimize the temperature loss
due to end conduction. A numerical calculation for the temperature
deviation in the wire due to this effect is accomplished in Appendix B,

where it is shown that the average temperature decays approximately 24



degrees Fahrenheit in a two-inch long wire initially at 1400 degrees and
with the ends held at 212 degrees Fahrenheit.

In addition to the foregoing, this wire length resulted in a suf-
ficient resistance to facilitate use of the element as a resistance
thermometer.

Test Tank Design

The boiling test tank was constructed of a combination of one-eighth
inch thick plate glass and aluminum. The basic tank frame was salvaged
from a nominal two-gallon aquarium which was six inches wide by eight inches
deep by ten inches long. The bottom and one end were fabricated of alu-
minumj this end provided a means of mounting the bulk fluid heater and
thermostat. Bulk fluid heating was accomplished by means of 1500 watts of
electrical resistance heating which was sufficient to raise the fluid
temperature to the saturation point as measured by two ASTM three-inch

immersion thermometers mounted in the tank.

Element Temperature Measurement

Selection of Method

The conventional steady state temperature measurement technigues
are not applicable for a high speed transient phenomena where the time
domain of interest is of the order of ten milliseconds. Several investi-
gations in transient nucleate boiling have successfully utilized small
thermocouples attached to ribbon type heating elements. The heater ele-
ment for the present investigatien could not use this type of temperature
measuring system, since the thermocouple itself would have constituted a
significant heat sink. Further, it is very doubtful that adequate tran-

sient response could be obtained with a thermocouple.



One of the remaining possibilities was to use the heater element
as a resistance thermometer. The most direct approach to this would be Lo
measure a current through and a potential across the element. Thzn s
direct application of Ohm's law would yield the wire resistance. The
electric current could be determined by measurement of the potential
across a precision shunts thus, this technique would involve simultznecus
measurement of two transient electric potentials. Equipment availab_.e
the Georgia Institute of Technology Heat Transfer Laboratory with sufi:
ciently rapid response to permit measurement after not more than one mil
lisecond is limited to high quality oscilloscopes. These are nominal.lv
accurate to within three per cent, and this naturally introduces thz
question of accuracy of temperature determination. Assuming for the
moment that the wire resistance is a known function of temperature, tn=

possible error due to measurement of the two electrical potentials is

given by:

1.00 + 0.03 _ (5.5)

A = -
Rersor = * ~ 1.00 - 0.03

Returning to the wire temperature versus resistance question, 1t
is apparent that a calibration would be reqguired to obtain the maximum
precision possible. Here again, the result could be obtained by appl.ica-
tion of Ohm's law. These data, however, could be obtained for steady stste
conditions with reasonably high precision.

The rather large maximum error involved in the preceding metnod
prompted an investigation of other techniques. The method chosen involve:
the use of the heater wire as one resistance of an unbalanced Wheatstone

bridge, in a manner quite analogous to that employed for transient strain
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gage measurements. This has the primary advantage that only one
oscilloscope reading is required, and that the bridge-wire combination
can be calibrated as a unit for direct temperature indication with a con-
ventional thermocouple calibration oven.

System Design

Heater Wire Selection. There are five primary material character-

istics which are important for this application. These are:

- large resistance change with temperature

- monotonically increasing (or decreasing) resistance change

with temperature

: good brazing qualities

> high melting temperature

- high resistance to corrosion
Several commercial trade-named wires were considered; none of these,
however, were as satisfactory with respect to the first two listed char-
acteristics as pure platinum. In addition, pure platinum is more readily
available in small quantities than most of the trade name type wires.

Wheatstone Bridge. The bridge design is shown as Figure 7. The

salient features of the design are:

> low bridge current resuiting in negligible heating of the
platinum wire

« low electrical resistance of the platinum wire (approximately
one-tenth ohm) compared with any other patn for the capacitor
energy discharge

> high wattage resistors unaffected by the bridge current

- milliammeter to assure appliication of constant bridge current

regardless of battery condition
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Figure 7. Schematic Diagram of Wheatstone Bridge.




The design bridge current was on the order of 100 milliamperes.
This value was based on a wire temperature rise rate of less than one
degree Fahrenheit per second due to the bridge current, and using the
highly conservative assumption of no heat transfer from the wire. This
assured that the application of the bridge current during calibration in
the thermocouple furnace did not significantly alter the wire temperature,
as the time period of application was approximately one second. With
regard to the effect of this current during actual testing, it was
observed that no nucleate boiling would result from indefinite bridge
current application with the liquid essentially at saturation conditions,

The resistance of R, (Figure 7) was adjusted to be slightly less

than that of R,, the platinum wire. It can be easily shown (see, e.g.,

l?

reference 19) that the rate of change of bridge unbalance, e, with change

in resistance of Rl is given by
de Eﬂfl -
R - 5 (2.6)
1 (R1 +R,)

and is thus independent of R2 and R, so long as these last two resis-

3

tances remain constant. This fact permitted the usage of very high value
resistors for RQ and H39 and consequently the path for capacitor discharge

through R,, R,, and R, was approximately 12,600 ohms. The path through R4,

22 73

the silicon rectifier, and R_ could be completely blocked by proper orien-

5
tation of the capacitor c¢ircuit leads, and even if connected so as to
permit current flow through the rectifier, this circuit exhibited a resis-

tance of approximately 50 ohms. As a consequence, the total capacitor

discharge was essentially dissipated in the platinum wire which offered a
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resistance of approximately one-tenth ohm.
By means of the conventional technique of equating the derivative

of equation (2.6) with respect to R, to zero, we obtain

52, ) E(Rl + Rd) - 2ER, 0
RO, -0 ° 3 (2.7}
45"y (R1+R4)
and hence:
R. = R (2.8)

That this condition yields a maximum rate of change of e with respect to
Rl rather than a minimum is apparent from equation (2.6). Thus the

resistance of R4 was adjusted to be slightly less than R, as previously

1
stated, and the valve of e was always positive with respect to the zero
current bridge unbalance.

were all high wattage type (ten

The resistors R, R Ra, and R

2 g 33

watts or more), and consequently were unaffected by the low bridge cur-
rent. Further, all calibrations and tests were conducted with the Wheat-
stone bridge at normal room temperature, and these resistances remained
constant for all practical purposes.

The milliammeter, together with resistor R5, provided a means of
maintaining a constant bridge current throughout the calibration and the
ensuing experiments. Since the maximum resistance change of Rl due to
temperature increase was approximately two-tenths ohm, and the battery
circuit resistance was approximately 50 ohms, the bridge current should

have remained essentially constant. Slight variations, however, occurred,



and these were corrected by means of adjusting R5, These slight varia-
tions were usually negative during a calibration, and were attributed to
diminishing dry cell battery voltage. The important factor is, however,
that the system design permitted both monitoring and regulation of the

bridge supply voltage.

Temperature Calibration Equipment

The equipment used for calibrating the Wheatstone bridge and

heater element wire combination consisted of the following:

- thermocouple calibrating furnace, Leeds and Northrup Company,
Philadelphia, Pa., catalog number 9003, serial number 1609778
certificated platinum versus platinum plus ten per cent rhodium
thermocouple, Leeds and Northrup Company, Philadelphia, Pa.

° type K - 3 potentiometer, Leeds and Northrup Company, Philadelphia,
Pa., catalog number 7553-6, serial number 1624632

* electronic null detector, Leeds and Northrup Company, Philadelphia,
Pa., catalog number 9834.

* unsaturated standard cell, Eppley Laboratory, Inc., Newport, R.I.,
catalog number 103, serial number B-1608

* storage oscilloscope, Tektronix, Inc., Portland, Oregon, type
564, serial number 003688

* differential amplifier, Tektronix, Inc., Portland, Oregon, type
2A63, serial number 006627

Figure 8 is a photograph of the calibration arrangement which was taken
during the calibration of heater element identified as A. The platinum
wire element was mounted in the center of the vertical calibration furnace

by means of two number 10 copper lead wires extending approximately 18



Pigure 8.

Photograph of

Heater Element Temperature Calibration Arrangement.
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inches into the furnace.

The calibration of the potentiometer, standard cell, and electronic
null detector combination was based upon the voltage of the standard cell.
This cell was calibrated at the Lockheed Aircraft Corporation, Marietta,
Georgia, Development Test Laboratory using a secondary standard arrange-
ment consisting of a bank of saturated standard cells and a potentiometer
calibrated by the National Bureau of Standards, Washington, D. C.

The K-3 potentiometer and null detector combination was then
standardized using this cell; and immediately used to determine the volt-
age of the same standard cell. The value thus read was never more than
30 microvolts different than the known cell value of 1.01896 volts, and
this deviation is considerably less than the error claimed by the manu-
facturer for this precision potentiometer.

In addition, the potentiometer, standard cell, null detector, and
thermocouple combination was compared with standard laboratory thermometers
at room temperature, and found to be in agreement within the readability
of the thermometers.

The Wheatstone bridge unbalance was read directly on the oscil-
loscope, which was alsoc used during the boiling experiments. The oscil-
loscope gain calibration was accomplished by means of the calibrator
which is integral to the basic oscilloscope. The accuracy of this cali-
brator was not verifiedj this was not deemed necessary since the same
oscilloscope was used throughout the program and the amplifier gain was
always adjusted by means of the same calibrator,

The values of electromotive force and corresponding temperatures

of the platinum versus platinum plus 10 per cent rhodium thermocouple
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junction presented in Table 1 were furnished by the Leeds and Northrup
Company with this thermocouple, and apply when the reference junctions
are maintained at zero degrees centigrade. The accuracy for these data
is quoted directly from the manufacturer's certificate which states, "The
uncertainties in the above values are not more thanp 0.75°C in the range

O te 1100°C; so:"

Photographic Equipment

High speed motion picture equipment used in this investigation
consisted of a HYCAM model K1004E 16 millimeter camera and accessories
marketed by Red Lake Labs., Inc., Santa Clara, California. This 1s a
rotating prism camera capable of framing rates from 10 to 10,000 pictures
per second, The unit has a standard film capacity of 400 feet of film
of standard thickness, but also accepts ordinary 100 and 200 feet spools
of film.

This camera design features an eight-sided rotating prism and seg-
mented disc shutter attached directly to the film sprocket shaft. The
design eliminates all gears from the optical system, and enhances picture
quality because of better optical compensation than that afforded by the
usual 4 sided prism camera design-

Some of the features that were particularly useful in the experi-
mental program ares

An event synchronizer
Direct through the lens viewing and focusing
* Standard C mount for lenses

Built-in timing lights



Table 1., Electromotive Force and Corresponding Temperature
for Platinum vs. Platinum Plus 10 Per
Cent Rhodium Thermocouple

Absolute International 1948
Millivolts Degrees Centigrade Degrees Fahrenheit
0,000 0.0 32:0
0.143 25,0 77.0
0.299 50,0 122.0
1.000 146.5 295,7
2,000 264.5 508.1
3,000 373.0 703.4
4,000 476.8 890, 2
5,000 o772 1071.0
6.000 674.2 1245.6
7.000 768.4 1415.1
8,000 859.9 1579.8
S.000 948.9 1740.0

10.000 1035.8 1896.4




The built-in timing lights were operated with the Red Lake
Model TLG-3 Millimite timing light generator which provides pulses at
10, 100, or 1000 cycles per second. The manufacturer's stated accuracy
for this signal generator is two-tenths of one per cent when the unit
is maintained at room temperature. This unit was compared with the time
base of the Tektronix type 564 oscilloscope, and when adjusted for an
output of 1000 cycles per second, the output signal formed exactly ten
cycles in ten milliseconds on the oscilloscope screen.

The lens used with this camera was a one inch, f/1.4 Cosmicar
Television Lens, serial number 14757, in a focusing mount. This was com=
bined with standard C mount extension tubes to facilitate close-up pho-
tography. For approximately one-half of the experiments, a one-half inch
extension tube was used, and a one inch tube was used for the other runs.
Since a normal day usually resulted in not more than two filmed experi-
ments, this use of two different effective focal lengths served as a
secondary identification of the films which were later processed by the
school'’'s photographic laboratory.

Data reduction from the processed film was accomplished with a
Bell and Howell Model 173 Time and Motion Study Projector, serial number
AJ92065. This unit was equipped with a Bell and Howell f/1.9 one inch,
Increlite projection lens. The two features of this projector which were
of most convenience are the provision for projection of individual frames
for periods up to four minutes, and a frame counter directly coupled to
the film sprocket,

Photographic lighting was accomplished with a Red Lake Labora-

tories model RLLi-1 lighting unit which is basically a General Electric
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Company 1000 watt quartz iodine lamp., This was augmented by the use of
a single photo-BFJ 750 watt photo-flood bulb, or by one, two, or three
photo-DXB 500 watt photo-spot bulbs.

Heater element wire diameters were measured with a direct reading
micrometer having 0,001 inch scale divisions, and with a Bausch and Lomb
Company Model DR-25, direct measuring, pre-calibrated instrument. This
unit reads to 0,0001 inch, and permits interpolation to one additional

significant figure.
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CHAPTER III

EXPERIMENTAL PROCEDURE

Temperature Calibration

The heater element, mounted in the one-eighth inch diameter bronze
holders, was attached to number ten bare copper lead wires and placed in
the approximate center of the thermocouple calibration furnace. The
lead wires were brought out of the furnace through one-half inch diame-
ter holes in a four inch thick ceramic plug which filled the top open-
ing of the furnace. This plug was designed to permit insertion of the
calibrated standard platinum versus platinum plus ten per cent rhodium
thermocouple so that the junction was located in the center of the fur-~
nace. The one~half inch holes through which the bare copper wires passed
were closed at both ends with asbestos cloth wrapped tightly around the
wire to form a dead air pocket in each passage through the ceramic plug.
The two copper lead wires had a combined heated length of 48.5 inches,
and corrections to the heater element temperature measuring circuit were
made for this during the ensuing tests.

The reference junctions of the standard themocouple were immersed
in an ice water bath maintained in a thermally insulated vacuum bottle.
Calibrations were performed both with ice made from distilled water and
with ice made from ordinary tap water. No differences were detected in
the results from the two grades of ice water.

All instrumentation in Figure 8 was turned on at least 30 minutes

prior to recording of calibration data. This is the manufacturers’
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recommended warm-up period both for the oscilloscope and the electronic
null detector. The oscilloscope was checked for gain adjustment using
the built-in calibrator in accordance with the manufacturer's recommended
procedure. Calibration data were then obtained with no furnace heating
as follows:
1) The potentiometer and null detector combination was standard-
ized.
2) The reference junction ice bath was stirred.
3) The Wheatstone bridge current was checked and adjusted as
necessary.
4) With the bridge current off, the oscilloscope reference or
base line was recorded.
5) With bridge current applied, the oscilloscope reading of bridge
unbalance was recorded,
6) The platinum versus platinum plus ten per cent rhodium ther-
mocouple emf was recorded with the potentiometer.
Following this, a power level for furnace heating was selected that would
result in a temperature increase of approximately 200 degrees Fahren-
heit. The furnace controller provides two modes of operation, full line
current. for rapid heating and controlled current for temperature stabi-
lization. Using full line current, the temperature was raised to the
desired value. Then the unit was placed in the control mode and allowed
to stabilize which required from one-half to one hour for a change of
200 degrees. At the new temperature level, the procedure of steps one
through six was again employed. This process was repeated to yield about

eight calibration points for the temperature range of interest.
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During the calibration, two possible sources of error were inves-
tigated. The first of these was with regard to possible hystersis. Two
of the earliest elements checked were subjected to calibration both during
heat-up and during cool-down. In addition, one of these was subjected to
a second temperature application in the furnace. No shift in data was
observed.

A second possible source of error is introduced by heat loss due
to conduction in the lead wires to the element in the furnace. If this
error were significant, the platinum wire element could be at a tempera-
ture appreciably below the furnace ambient recorded by the standard ther-
mecouple. In order to investigate this, a chromel-alumel thermocouple
was imbedded in one of the copper leads at a location adjacent to the
attachment of the element holder. During the ensuing calibration, the
temperature indicated by this thermocouple agreed within its limits of
accuracy with the standard thermocouple up to a temperature of approxi-
mately 700 degrees Fahrenheit, at which point it failed due to insula-
tion break-down. Thus at 700 degrees Fahrenheit, the conduction in the
copper lead did not noticeably reduce the metal temperature where it
connected with the heater element holder, and consequently this problem
was considered to be inconsequential.

A total of 12 heater elements were calibrated during the course
of this investigation. Only five of these calibrations, however, were
actually used in recorded transient boiling experiments. This was a
simple consequence of the difficulties encountered during the experi-
mental program; most of the elements failed due to burn-out during pre-

liminary runs. Calibration data for these five elements and element



descriptive information are given in Appendix D. The actual temperature
at any calibration point can be obtained from the thermocouple electromo-
tive force in conjunction with the data of Table 1. A typical element

calibration curve is presented in Figure 9.

Film Boiling Experiments

The procedure for all experiments was essentially the same, and
can be briefly described as follows: The boiling test tank was filled
with distilled water and the fluid bulk heaters were turned on. The water
was boiled vigorously for a period of not less than one hour to remove
entrained gases. During this period, the camera was critically focused
on the wire element and loaded with film. The camera framing (speed)
rate was selected, and the lighting was adjusted. The quartz-~iodine lamp
was normally used for front illumination, and was incident upon the wire
at an angle of approximately 50 degrees from the vertical. One photo~
spot or one photo-flood bulb was located to provide illumination from
the back, and was incident upon the wire at an angle of about 60 degrees
from the vertical. Additional photo-spot lights were used for some of
the runs.

The oscilloscope was allowed to warm-up during the pre-run boil-
ing period. After a minimum of 30 minutes of operation, this item was
calibrated both for vertical deflection gain and for horizontal sweep
rate in accordance with the manufacturer's coperational manual. A zero
bridge current reference line was then recorded on the oscilloscope, and
the heater element Wheatstone bridge current was adjusted to the value

used during the element calibration. The direct current power supply
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unit was turned on and adjusted to the desired voltage. This was used
to charge the main capacitor (Figure 3), and a pre-run firing was ac-
complished to determine the resultant heater element temperature.

Using this value as a guide, the wiring circuit from the bridge
to the heater element was adjusted to add a length of number 10 copper
wire having a resistance at room temperature equal to that of the 48.5
inch leads used in the calibration furnace while at the temperature of
the element. This corrective adjustment was necessitated by the fact
that the only part of the system at the elevated temperature during the
experiment was the platinum element, whereas the copper lead wires were
also raised to the high temperature during the calibration. The tempera-
ture resistance data for the copper wire was taken from the International
Critical Tables (20), and the length of number 10 copper wire having the
resistance of the 48.5 inch long leads is given as a function of tem-
perature in Figure 10. This length adjustment was accomplished by
means of the corrective coil, Figure 11, which was made by coiling
approximately 260 inches of number 10 copper wire and providing electrical
connectors at stations representing increments of 100 degrees Fahrenheit
change in temperature. It should be noted that the total resistance
offered by these leads was only about 5 per cent of the resistance of the
platinum element at the highest temperature employed; consequently correc-
tion to the nearest 100 degrees was adequate.

The complete system was then checked by a second pre-run test.
The capacitor was recharged and a zero bridge current reference line
recorded on the oscilloscope. The bridge current was adjusted to the

proper value, i.e., 80 milliamps for a number of 30 wire size element, or
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120 milliamps for a number 28 wire size element, and the capacitor was
discharged by manual closure of the camera synchronizer circuit. This re-
sulted in capacitor discharge through the heater element and automatic
triggering of the oscilloscope to record the bridge unbalance as a func-
tion of time. Usually several such pre-test runs were required to prop-
erly adjust all of the equipment. The most troublesome item was the
oscilloscope. Its mode of operation was, of course, single sweep. The
unit can be adjusted for either internal or external triggering, but it
is very sensitive to stray signals in either mode.

The method of triggering which evolved during the investigation
was to use the external mode and feed the actuation signal directly
from the electrode connections on the test tank to the oscilloscope trig-
ger connection. This wiring is omitted from Figure 1l. Even with this
system, false triggering was common, and this resulted in several heater
element temperature excursions during the process of adjusting the equip-
ment prior to each recorded test. This factor is mentioned because
it had a direct bearing upon the number of element failures experienced
during the program. Repetitive heating of the element to temperatures in
excess of 1500 degrees Fahrenheit inevitably resulted in element burn-out
adjacent to one of the bronze holders. In addition to this detrimental
aspect, these pre-~run firings undoubtedly accomplished both out-gassing
and degassing of the heater element.

Following adjustment of the equipment, a filmed run was made. The
data recorded for each test included:

barometric pressure

bulk water temperature at time of capacitor discharge
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depth of water above heater element
- type of film

leng data

camera nominal speed setting

lighting data

» Wheatstone bridge unbalance versus time

capacitor charge voltage

« heater element identification
These data, for each of the reported runs, are presented in Tables 6 and
7 in Appendix D.

A total of 17 filmed tests were conducted. Of these, the results
of 12 are reported herein. With regard to the other five, the following
comments are offered.

Run 2. This test was conducted at a low element temperature and
the resulting boiling was in the transition region.

Run 8. This test was intentionally conducted with the bulk fluid
subcooled 17 degrees Fahrenheit and the results will be a part of a
following investigation.

Run 11. The heater element burned out during the capacitor dis-
charge, and a significant part of the energy was dissipated at the ele-
ment failure point.

Run 12. This test was conducted with an uncalibrated gold element
for reasons discussed in Chapter V.

Run 13. This was the lowest temperature test undertaken with a
number 28 wire size element. The phenomenon appeared to be partially

within the transition regime with a higher attendant heat flux.
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Data Reduction

Quantitative data were obtained from the high speed movie films of
the transient film boiling experiments. Preliminary data reduction was
accomplished with a 16 mm movie editor having a screen size of approxi-
mately four by five inches. This unit afforded a projected view of the
heater element wire as small as 2 millimeters, and since this measurement,
in conjunction with the measured actual wire size, served as the primary
scale factor for vapor volume measurement, a larger projection was needed.
The Bell and Howell model 173 projector provided improved image size, de-
finition, and light intensity. With this, the frame image was magnified
to 11 by 15 inches, and the resulting minimum projected wire size was
greater than two-tenths of an inch.

The transient film growth was not truly cylindrical as can be seen
in Figure 12. Consequently, numerous measurements were required to
determine the wvapor volume at any given time. The technique developed
involved the assumption that the vapor bubble could be represented as a
body of revolution. Thus, the volume could be approximated by measuring
the diameter at prescribed intervals along the length of the wire, cal-
culating the area at each of these stations, multiplying this area by the
distance between stations to form a volume, and summing the total of the

incremental volumes thus formed. In mathematical form this is

where
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Now obviously the accuracy of the volume thus determined is dependent
upon the non-uniformity of the surface along the length and the size of
the incremental length chosen. The error can be reduced simply by in-
creasing the number of measurements, i.e., by reducing the incremental
length associated with a specific diameter. For the present investigation
the total filmed length of wire varied from approximately three-eighths
to three-quarters of an inch, depending upon the length of the extension
tube used with the camera lens. For the longer case, it was found that
division into 26 length intervals resulted in a vapor volume which dif-
fered with that obtained using 13 intervals by about 3 per cent. As a
consequence, 1t was decided that finer division was unnecessary, and 26
intervals were used for final data reduction for all runs.

A projection screen was prepared from white cardboard with verti-
cal division lines at one-half inch horizontal spacing. The projected
picture was adjusted to cover 26 of these lines, and diameter readings
were taken only at these stations.

It was decided that vapor velume at one millisecond intervals
would suffice to represent the growth rate. Data during the first milli-
second following capacitor discharge were highly unreliable due to the
nucleate character of the initial vapor formation, and consequently were
neglected in the process of data reduction. The zero time point was
established as being the last frame on a roll with no vapor formed.
Usually, the next frame depicted a large amount of opaque vapor, and

since the framing rate for most runs was about 4000 pictures per second,



the maximum time error was of the order of one-fourth millisecond. With
the zero time point thus established, the time for a particular frame was
determined by means of the timing light blip at one millisecond intervals
along the edge of the film. Using this, frames were selected for vapor
volume measurement at intervals close to one millisecond.

The Bell and Howell Model 173 Projector was manually operated to
the desired frame indicated on the continuous frame counter and determined
by subtracting the indicated number of the zero time frame. Then, the 26
diameter measurements were taken with a Keuffel and Esser Company, Para-
gon, Model 1375P-24 scale. This is a white drafting scale with 0.02 inch
black marked graduations, and was found to be ideally suited both with
respect to contrast and with respect to graduation size. This procedure
was repeated for frames at the selected spacing until the configuration
of the vapor bubble indicated serious deviations toward stable film boil-
ing. This change normally occurred at about ten milliseconds, and is
quite obvious in Figure 12. The data thus obtained are presented in
Tables 8 through 19 in Appendix D.

Using these measurements, the void vclume for each frame was cal-
culated with Equation (3.1). This volume was divided by the total length,

TeBey
n
L = ) AL (3.3}

to yield the volume average area of the vapor cylinder. The volume
median diameter was then determined from the volume average area.

Routine computational work was facilitated by use of a Friden
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desk calculator for summation of incremental volumes and determination of
volume average areas, and by use of a Friden Model 132 Electronic Calcu-
lator for extraction of the square roots necessary for determination of
volume median diameters.

The final results are presented as Figures 18 through 29 of Appen-
dix D. These depict the vapor growth rate as a plot of vapor bubble
volume median diameter versus time for each of the 12 experiments of this

investigation.
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CHAPTER 1V

ANALYSIS

Film Growth Rate

[t is postulated that a horizontal, cylindrical wire submerged
in a liquid and at the temperature of the liquid experiences a sudden,
large increase in temperature which can be represented as a step change.
If this temperature increase is sufficiently large to result in film
boiling, we may depict the reaction at the metal-liquid interface as
one in which the density of nucleation sites is so great that a con-
tinuous vapor film is formed. Thus, the physical model for analysis is
that of a uniform vapor film, initially of zero thickness, which in-
creases with time. Eventually, the vapor liquid interface becomes quite
distorted, and the model is no longer valid, but the primary concern
is with the growth rate during the first ten milliseconds. For this
period, the film can be reascnably described as cylindrical. Thus, the
problem can be treated as one-dimensional, and is;, in actuality, an ex-
tension of the Stefan melting-freezing problem.

The physical model assumed is presented in Figure 13. The major
assumptions in this model are:

1. The liquid is separated from the metal by a continuous vapor

blanket whose thickness is independent of length.
2. The vapor-liquid interface is smooth and continuous.
3. The boiling liquid is at saturation temperature at the liquid-

vapor interface.



Figure 13.
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the vapor film in cylindrical coordi=-
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where the following assumptions have been made:

a) axial symmetry

b) no velocity or thermal variation with length
c) negligible work of compression

d) negligible viscous dissipation

negligible radiation to the vapor

f) no heat generation in the vapor

g) negligible body forces in the vapor
h) constant viscosity

i) constant thermal conductivity

j) no radial pressure gradient

These equations are readily obtainable from the more complete forms by

application of the listed assumptions, and this is accomplished in

Appendix A.

The boundary conditions on the energy equ ticn ¢
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r =R : T(R,t) <k

The interfacial temperature at the vapor-liquid boundary is the sat-
uration value regardless of the liquid bulk temperature. The boundary

conditions on the momentum equation are:

o= ot v(r t) =0 (496)

w w?

(4.7)

1]
e

r =R : V(R,t)

where the last condition can be shown to apply if the density of the wvapor
is negligible in comparison with the density of the liquid. Equations
(4.1) through (4.3) constitute a set of three equations in three un-
knowns, density, velocity, and temperature. The boundary conditions,
however, introduce an additional unknown, R, the position of the vapor-
liquid phase change front. As a consequence, an additional equation is
necessary. This may be obtained from a conservation of energy at the

vapor-1liquid interface which can be expressed as:

4 rw
* e, 3p0T, ;f-R (4.8)

This expression relates the energy required to vaporize the liguid to
the algebraic sum of the energy conducted teo the interface through the
vapor, the energy conducted away from the interface through the liquid,
and the radiant energy from the wire absorbed at the moving front.

Equation (4.8) is also derived in Appendix A.
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Turning to the case of saturated film boiling, the term in Equa-
tion (4.8) representing the energy conducted into the liquid disappears.
Further, for the case of platinum wires, the low metal emissivity renders
the radiant energy term negligible for the temperatures of the present
investigation, and this equation reduces to

ph R oI (4.9)

fg ="varR

Since the vapor properties are known functions of temperature and pres-
sure, a knowledge of the temperature as a function of radius would cufzice
to determine é, and consequently would completely determine the growth
history of the film.

Retention of both convective and conductive terms in the energy
equation would necessitate the simultaneous solution of it with the mo-
mentum equation. The most promising approach to this would be the use
of a digital computer program. The question naturally arises as to
whether convective energy is significant in this problem or not. If not
the possibility of obtaining a closed form solution of the energy equa-
tion is introduced, and this factor is deemed important by the present
author.

There is precedent for the assumption that the phenomenon is pri
marily controlled by conduction. Bromley (21) in his pioneering work on
stable film boiling states as an assumption for his theory, "Heat travelc
through vapor film by conduction and radiation." Several other resezrchers
have indicated that the primary mode of heat transfer in the vapor durirg
film beiling is by conduction. The stable film beoiling process i: char-

acterized by growth of film until large bubbles break away, and tnen the



growth at that point begins again with a thin film.
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Thus, the mechanism

of stable film boiling should be very similar to that for transient film

boiling.

Transient Conduction Solution

Assuming convective terms to be negligible, the energy equation

for the vapor reduces to
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Introducing the dimensionless temperature defined by

Under the transformation

r

2\/at

n =

where 1t is assumed that
T = T(n)

Equation (4.12) becomes:

(4,10)

(4.11)

(4.12)

(4.14)
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The solution to equation (4.15) may be taken from Kamke (22), and is:

1
; —I(Qn‘f,TJdﬂ
g = by s j e dn (4.16)
Integrating Equation (4.16) yields
o B
e &
g = + = d (4.17)
iy Py | S

which after multiplication and division of the integrand may be expressed

as

-~

_ﬂ/-
2 e 2 .
6 =g, *p, j > dn (4.18)
Examination of the definition of n, Equation (4.13) reveals that
lim n = e (4.19)

t o )

and for any finite value of t, the limiting value is simply n. Thus;,

for the present problem Equation (4.18) may be expressed as

ﬂ2 —Y
- M el ”w
2] Bl # 35‘L) y dy (4.20)

or, in terms of Ei(—q2) defined by
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22 Y
2 e
o - = w21
E(-n°) = [, dy (4.21)
1
the dimensionless temperature is given by:
g = ﬁ -+ E E (....n?“) (4.22)
1 571

Returning to the (r,t) coordinate system, the dimensionless temperature

at any specific time, T, is given by

8=¢C + C2Ei(i§§) (4.23)
with boundary conditions

o(r_,t) =0 (4.24)
and

B(R,T) = 1 (4.25)

Applying the boundary condition of Equation (4.24) to Equation (4.23)

vields
2
_I\-W‘
Cl__-CQEi( ZE;J (4.26)
and
~r2 —ri
g = C2 Ei(:i;%) - Ei :ﬂ;%) (4.27)

In order to apply the boundary condition of Equation (4.25), an assumed
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expression for the phase growth law must be introduced. In melting-
freezing problems it is customary to assume the distance moved by the in-
terface to be proportional to the square root of the time. In addition
to this classical application, it is noteworthy that this type expres-
sion was used by Dyer and Sunderland (23) to represent the motion of

the interface during sublimation dehydration of beef, and Hamill and
Bankoff (12) obtained the same type expression for the growth of a mass
of vapor on a rapidly heated plane surface, i.e., transient film boiling
from a plate. For the current investigation, this assumption is modified

to account for the finite initial radius and becomes
R = b/t + £, (4.28)

Inclusion of the r, term complicates the analysis somewhat, but it is a
significant term in the case of the present experimental investigation
and should be included here. Applying Equations (4.25) and (4.28) to

Equation (4.27) at a specific time yields:

c, = ! (4.29)
—(bJ; +r )21 _r2
E w - E ._.._W
i 4aT J i {1‘1::|

Defining for convenience

) bf;-+ r

== (4.30)
2yat

¢

the dimensionless temperature profile at time g 1is
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In order to apply Equation (4.9) the required derivatives are obtained

from Equations (4.28 and (4.31). Differentiating Equation (4.28) yields

Bl payT &2 (4.32)

where the possibility of b depending upon time has been retained. Exam-
ination of the two coefficients of the terms in b for the current problem
reveals a major simplification. The average time of interest is of the
order of five milliseconds, i.e., the total growth time is ten milli-

seconds. Thus,

— = 7 (4.33)
2/t

and
Jt = .07 (4.34)

and the coefficient of the first term is seen to be two orders of magni-
tude larger than the second. Assuming the rate of change of b with re-
spect to time to be within one order of magnitude of the value of b,

Equation (4.32) reduces to

— = —p (4.35)
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Expressing Equation (4.31) in integral form and differentiating

with respect to r yields

=4 4.36
o dy ( )

46 _
et (4.37)

E, (<¢2)

1 - Ei(Z__.J

Substitution of the derivative of Equation (4.37) evaluated at the vapor-
liquid interface and the derivative of Equation (4.35) evaluated at time

T into Equation (4.9) yields the following expression for b:

3
B 3 2k(Tw B Tsat) e

i 2 T
phngﬂ‘%i(—C ) - El(zaz)

(4.38)

This transcendental equation in b is the major result of the present
analysis. This equation is solved for all cases of the present experi-
mental program. The results are presented in Appendix D, where the
growth rate of Equation (4.28) is compared with experimental data for
all runs. In addition, an example of the solution of this equation is

presented in Appendix B.
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CHAPTER V
DISCUSSION OF RESULTS

The experimental equipment and procedures have been described
in considerable detail in Chapters II and III. This was considered to
be significant since a major contribution of this investigation was
the simultaneous determination of both heater element temperature and

void volume as a function of time during transient film boiling.

Temperature Determination

The measurement of element temperature by means of the #heatstone
bridge and oscilloscope system was satisfactory for the purpose of
correlating vapor growth data. The wire temperature decay rate data,
however, were somewhat disappointing. The measurement of quantitative
transient heat transfer rates, which was the secondary experimental
objective of this investigation, was initially predicated upon accurate
determination of the wire temperature as a function of time. The diffi-
culty encountered in accomplishing this is highlighted in Figure 14,
which 1s a plot of temperature versus time for a typical experiment
(run number 5). The apparent indicated wire temperature decay during
the ten millisecond period of boiling is about 95 degrees Fahrenheit.
Unfortunately, the maximum error in temperature measurement is about
60 degrees and the probable error is about 30 degrees (see Appendix C).
This smaller figure has been displayed as vertical lines over each data

point of Figure 14. This uncertainty, coupled with the element temperature
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loss of approximately 24 degrees due to end conduction effects (see
Appendix B) obviates all possibility of obtaining transient heat flux
data in this manner.

The data of Figqure 14 are quite typical of results obtained with
number 30 size platinum wires with respect to the low value of indicated
temperature during the first two to three milliseconds following the
capacitor discharge. This is attributable to the main capacitor voltage
remaining above the bridge millivolt potential level for this short
time period. The element temperature change is governed by the capacitor
discharge, and this is better than 99 per cent complete at the end of 100
microseconds. As a consequence, the best representation of temperature
is obtained by extrapolation of the linear data points back to time zero,
or 100 microseconds.

This indicated low initial temperature was markedly different
for all experiments with the number 28 size platinum wire where the re-
duced electrical resistance allowed the main capacitor to discharge down
to the bridge millivelt level much faster. Results for runs 14, 15, 15A,
and 16 allow direct temperature measurement (without data extrapolation)
as early as one-half millisecond after capacitor discharge.

In view of the foregoing uncertainty in element temperature at
a specific time, the recorded temperature data were used to obtain a
mean element temperature for each run. This mean temperature is defined
as the indicated temperature five milliseconds following capacitor dis-
charge, and determined from a graph of the temperature for each run,
similar to Figure 14. This is the element temperature used in the vapor

growth calculations and reported throughout this thesis.
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An additional check on the accuracy and repeatibility of element
temperature data can be inferred from electrical energy considerations.
Assuming the capacitor discharge switching loss to be proportional to
the energy transferred, the resulting element temperature rise should
be proportional to the capacitor charge for a given element heat capa-
city. HNow elements A, B; C, and D were all of the same material and very
nearly identical in size. Thus, the capacitor charge versus temperature
rise for all tests using these elements is given in Figure 15. Similar-
ly, these data for all runs (including run 13) with element E, the number
28 wire size element, are presented as Figure 16.

It is quite interesting that the maximum deviation from the line
representing the mean of these data for Figure 15 is about 40 degrees
Fahrenheit, and this agrees well with the value of the most probable
error from Appendix C. The deviation from the mean in Figure 16 is con-
siderably less; this may be attributable to the fact that only one ele-
ment is represented, and hence difference in element mounting resis-

tances and element lengths do not exist.

Experimental Vapor Growth Data

The experimental vapor formation data are summarized in Table 2
which gives the cylinder diameter at nine milliseconds following capac-
iter discharge for each of the 12 film boiling experiments. These data
were obtained by drawing a "best fit" curve through the experimental data
points of Figurecs 18 through 29, Appendix D.

The filmed results for each run showed an initial burst of vapor
occurring at the beginning of each experiment. This vapor is completely

opaque, as opposed to the transparency of the vapor evident in the later
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Table 2. Experimental Vapor Cylinder Diameter Summary
AT Wire Run Vapor Cylinder
(1@ - TsatJ Diameter Number Dia. at 9 millisec

oF inch inch

1034 0.0098 1 0.050

1194 0.0098 6 0.0495

1266 0.0098 5 0.0522

1266 0.0098 3 0.0%590

1310 0.0098 T 0.0520

1384 0.0098 4 0.0619

1469 0.0098 2 0.0660

1529 0.0098 10 0.0523

1092 0.0126 14 0.0585

1337 0.0126 15 0.0607

1337 0.0126 15A 0.0615

1462 0.0126 16 0.0700
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frames for each experiment. Close inspection indicates that this initial
vepor is nucleate in character. This is clearly evident in one of the
motion pictures filmed at a rate of approximately 5000 frames per second.
Also, the surface of the cylinder in the initial frame in several runs is
clearly composed of very small vapor bubbles. As a consequence, the ini-
tial vapor cylinder contains a significant liquid content, and the average
diameter actually decreases during the first millisecond, i.e., for two
to three frames following the first frame in the case of a 4000 frame

per second camera speed. During some of the runs, the vapor quality was
questionable throughout the first millisecond, and consequently no early
diameter measurements were undertaken.

The question arose during the investigation as to whether this
initial nucleation was peculiar to a platinum surface? In order to resolve
this question, run number 12 was filmed using a number 30 size gold wire,
99.99 per cent pure. This was not thermometrically calibrated because
of the relatively low electrical resistance of gold. The initial wvapor
formation during this experiment was, however, phenomenclogically identi-
cal with that observed during the tests with platinum wires.

This initial nucleation had a decided effect upon the ensuing
vapor cylinder growth rate; the latter growth occurring due to heat con-
duction through the vapor film to the vapor-liquid interface. That the
initial nucleation was not a highly ordered process such as would have
resulted in good correlation of initial vapor cylinder diameter with ex-
cess temperature is evident from Figures 18 through 29, Appendix D. The
prediction of nucleate boiling heat flux or vapor formation is notoriously

difficult due to the large number of variables involved. Non-repeatibility
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of this initial phenomenon is considered to be the major reason for de-
viation of the experimental data from the analytical solution for the
vapor growth rate.

Examination of the data of Table 2 reveals that the vapor cylinder
is generally an increasing function of the excess temperature, a result
which was, of course, anticipated. Further, it is noted that adjustment
of these measurements by less than the probable error in bubble diameter
measurement (see Appendix C) would result in the diameter being a mono-
tonically increasing function of excess temperature with the single ex-
ception of run 10, which would be slightly low.

Runs 3 and 5 were intentionally conducted with the same capacitor
charge, but using different elements of the same wire size. The results
were measurably different. This was considered to be a consequence of
difference in initial nucleation. Runs 15 and 15A were also intended to
be identical tests. The results of this comparison were much better,

there being practically no difference in the resulting vapor formation.

Analytical Solution for Vapor Growth

The results of the analysis, Chapter IV, Equations (4.28) and
(4.38), have been applied to each transient film boiling experiment of
this program. As previously mentioned in this chapter, the wire temper-
ature for each run is taken as the mean temperature five milliseconds
after capacitor discharge and is treated as a constant in the analysis.

The initial nucleation previously discussed results in a relatively
large amount of vapor surrounding the wire as early as one millisecond

following the capacitor discharge. It was discovered by trial and error
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that the analysis would well represent the data if the time were adjusted
by the addition of four milliseconds to account for this initial vapor.
This is equivalent to applying the solution of the analysis to the growth
of a vapor film that has been growing due to pure conduction (see model

of analysis, Chapter IV) for four milliseconds. Stated differently, this
means that the average vapor volume due to the initial nucleation is the
same amount that would result from the continuous growth of a smooth vapor
film beginning with zero thickness and growing for four milliseconds by
transfer of heat through the film due to conduction.

From Equation (4.38) it is evident that there is a dependence of b
upon time. This was taken into consideration in the calculation of b for
the first run, and it was discovered that the b's resulting for one and
ten milliseconds were 0.174 and 0.166, respectively. Since this would re-
sult in only approximately two per cent change in vapor diameter from
that obtained by use of a mean b evaluated at the mid-point of the time
interval, it was neglected for the remaining calculations. Also, it is

noted that

1

db ~ Ab »
T ™ e 0.8/sec (5.1)

and the value of b is 0.17, thus b and db/dt are of the same order of
magnitude which substantiates the assumption made in the analysis and
permits approximation of the solution by the transcendental algebraic
Equation (4.38) rather than a differential equation.

A major item of interest in application of any thermal analysis
concerns the temperature for evaluation of properties. In the present

analysis, the thermal properties involved are the thermal conductivity,
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the thermal diffusivity, the density, and the heat of vaporization. The
thermal diffusivity enters the analysis in the solution of the tempera-
ture profile within the vapor, i.e., in the solution of the energy equa-
tion. Consequently, it has been evaluated at a mean temperature, defined
for convenience as the arithmetic mean between the heater element and the
fluid saturation temperatures.

The density enters in the application of a boundary energy con-
servation equation, but eventually represents the bulk of the vapor being
formed. Thus, it also was evaluated at the arithmetic mean of element and
saturation temperatures.

The appearance of the heat of vaporization is due to a boundary
phenomenon, and it was evaluated at the fluid saturation temperature.

The thermal conductivity likewise enters due to the boundary heat transfer
at the liquid-vapor interface, and was evaluated at the fluid saturation
temperature.

The value of b has been determined for each of the runs reported
herein using property values from Kreith (24) and from Keenan and Keyes
(25). The vapor cylinder diameters computed from Equation (4.28) have been
plotted on Figures 18 through 29 to facilitate comparison with the reduced
experimental data. Also, a sample solution of the transcendental equa-
tion (4.38) involving only the use of a slide rule and tabulated values
of Ei(—x) for very small values of the argument is presented in Appendix

B,

Heat Transfer Rates

The heat transfer rate based on a nine millisecond interval has



71

been calculated for each of runs one through ten from vapor formaticn
data. This was done using both the experimental data of Table 2 and

the analytical solution for vapor cylinder diameters at nine milliseconds
presented in Figures 18 through 29.

This was accomplished with the approximative equation

Vih, +C (T -T_ _.)
g = H [ fg p' . m sat] (5.2)

A L
w

where V represents the volume of vapor produced per unit length of wire
in time, AT. Aw is the wire surface area per unit length, hfg is the

heat of vaporization at the saturation temperature, Tsat’ and Cp is
the mean specific heat evaluated at Tm, the arithmetic mean between the
wire and saturation temperatures,

The results of these calculations are presented in Figure 30.
Calculations of this type are not presented for the larger wire diameter
since only four experiments were conducted with it. The deviation in
heat transfer rates based on experimental vapor diameter from those cal-
culated using the analytical vapor cylinder diameter reaches a amximum
of 33 per cent. Although this is rather high, these data are considered
to be of reportable value since considerable data scatter is usually
obtained in boiling heat transfer experiments even at steady state con-
ditions. It is noted that these values of the heat flux are only slightly

higher than those reported in the literature for steady-state film boiling

from small resistance wires,
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

The conclusions reached in this investigation may be stated as
follows:

1. Vapor film growth in transient film boiling of saturated water
from small diameter cylindrical surfaces of low thermal emissivity is
primarily controlled by conduction heat transfer within the vapor film.

2. The minimum wall temperature for formation of a cylindrical
growth of vapor in boiling of saturated water from a small diameter wire
of low emissivity is approximately 1000 degrees Fahrenheit above the
liquid saturation temperature.

3. The average time for cylindrical growth of a vapor film in
transient film boiling of saturated water from a small platinum wire to
its maximum size is approximately ten milliseconds; after this, the on-
set of large bubble formation at nedes along the wire due to Taylor-
Helmholtz instability is apparent.

4. Film boiling is preceded by vigorous nucleation for heating
surface temperature changes occurring in as short a time span as 50
microseconds; this nucleation has a pronpunced effect upon the ensuing
rate of vapor formation.

5. Time averaged transient heat transfer rates for a nine milli-
second interval ranged from approximately 50,000 to 90,000 Btu/hr.—ft2
for excess temperatures from 1043 to 1529 degrees Fahrenheit

during transient film boiling of saturated water from small diameter
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platinum wires, which is very close to steady-state values reported in the
litesrature,

6. The use of a capacitance discharge into a resistive heating
element is a satisfactory method for accomplishing a step~change input to
a heating surface for heat transfer investigations.

7. The use of a Wheatstone bridge and resistive heater element
system for recording transient element temperatures is a satisfactory
approach.

8. Accuracy of heater element temperature determination is pri-
marily controlled by the metal temperature coefficient of resistance and
the accuracy and readability of the recording equipment.

Specific recommendations concerning future investigations of this
type include:

1. The effects of subcooling of the liquid should be investigated
both analytically and experimentally.

2. The effects of radiation from heater element surfaces of re-
latively high thermal emissivity should be investigated and would be an
interesting area for experimental work.

3. The present analysis should be confirmed for other liquids.

4. An investigation should be made of the region of vigorous
nucleation at the onset of film boiling. This would be valuable and in-
formative; such experimental work, however, would require equipment of
a significantly greater degree of sophistication than that used in the

present study.
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DERIVATION OF GOVERNING EQUATIONS

Momentum Equation
Energy Equation in Vapor

Energy Conservation Equation at Vapor-Liquid
Interface
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Derivation of the governing equations is accomplished by the
assumptions of Chapter IV to the well known more general forms of these
equations. The expression for energy conservation at the vapor-liquid

interface is derived using the "shell" method of reference (27).

Momentum Equation

From reference (26), the radial direction momentum equation for a

fluid with constant viscosity is

2

Dv v v av
_r_ o 71_8 By s oy o e
Pl Dt T ] ar k. Fr +iiy Vr r2 r2 8$J
—a— .
+(?\+p.)ar (v » V) (A.1)
where
2 2 i 52
v2:_@.§+%§£+_1_2.@__+é_ (A.2)
ar r” 3¢ 0z
av av
——— N W S -
v V'rar (r"r)+racp+az (A.3)
D _ a 8 . ‘o 3 3
5¥ = g{ * vr 5; + = 55 ¥+ Vz 5; (A-d)

and A is the second coefficient of viscosity., The assumptions of axial
symmetry and no velocity variation with length eliminate the © and z-direc-
tien momentum equations. Further application of these two assumptions

yields
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av.. 6 v p Ov. &
R N ALt e SRS
ar r
a
+ ) 2 Lr aﬁ; (rv,)] (A.5)

For no radial pressure gradient and negligible body forces, Equation (A.5)

reduces to

+ +E2 8 l__(r\,r)] (A.6)

ar &= ax

Energy Equation

From reference (27) the energy equation in cylindrical coordinates

for a Newtonian fluid with constant thermal properties and negligible

radiation is:

v
aT ar . » ol aly _ L & gT, . 1 8T 3T
pC (33 + v, + ) = k[ (& =) # + ]
p at r Ar r Ao z Az r ar or r2 a0 az2
[av_ 2 av AV D av Av. 2
U e 1o z 041 "z,
+m\ﬁm) [ (52 +v)] + (5D p§az = 2
v dv_ 2 v v 2)
—Z4_X 1 x 8 (2
+(ar+az)+Lracp+rar(r”} (A.7)

/
For negligible viscous dissipation, the terms within the‘i\}brackets

disappear. For axial symmetry and no thermal variation with length, the

energy equation reduces to
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ot (B4, Bo-all & = 8] (A.8)

Carrying out the indicated differentiation, this may be written as

O
—
ICS?
+
<
(=4
._‘
—
H
=
—
[
+
ol L

T
g;] (A.9)

which is the desired form.

Equation of Energy Conservation at
Vapor-Liquid Interface

With reference to Figure 17, the energy stored within the control

volume in time &t, assuming a mean temperature, is

pth{R-ﬁm)AR

= (A.10)

Summing the energy flux entering and leaving the control volume and equa-

ting this to the rate of energy stored yields

phe (Ragp) 4R - k., (Rag)aT ) k,, (R )&T
o 4R 'R-fAR & | R
—k‘E(RAqy)&T I kg (Rap) AT '
g B
i, = R+4P an R
B swazaT: (rﬂm}‘n (A.11)

Dividing by RAgp and taking the 1imit as 4R and 4t approach zero yields

dR: k Q-I-

h 42
PR¢g dt = “*v Br w

L
i (A.12)

T
+ kﬁ g; IR teayd T .



!
X Qrfik. F{*[)El
(rd )N\R

—ﬁ(r‘A?D)AT B VAPOR-LIQUID -kp (rAD)AT
Ar - INTERFACE Ar
R R+AR
€va o T4
’ T*(@Ag‘))
R
R+AR

Figure 17. Control Volume for Derivation of Equation of
Energy Conservation at Vapor-lLiquid Interface,.

8L
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The term on the left is the rate of energy storage within the vapor.

The first term on the right represents the rate of energy conducted
through the vapor to the interfacej the second term represents the rate
of energy conducted away from the interface in the liquid, and the third
term represents the rate of energy radiated from the wire to the liquid

at the interface.



APPENDIX B

SAMPLE CALCULATIONS

Wire Temperature Decay Due to End Conduction Effects
Capacitor Discharge Time

Solution of Transcendental Equation for Phase Growth
Constant of Proportionality

a0
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Wire Temperature Decay Due to End Conduction

Assuming no heat loss in the radial direction, the temperature in
the wire of Jength 24 , initially at temperature TG’ and losing heat by
conduction to the bronze holders maintained at the bulk fluid temperature

may be determined from

o
1/2 N
- L% at, -1/2 24 it o ni
Tav TO zTO ( 5/ m + 2 (-1) 1erfc\}-§=§ (B.1)
4 n=1

which is taken from reference (28). Using property values for platinum

from reference (20), for a two-inch long wire at 10 milliseconds

2 -2
at (0.208 cm /Sec)élo sec) _ 0.0323 x 1072 (B.2)
2° (2.54 cm)
or
v
—t— = 55,4 (B.3)
(at)l/2
Now
_ 2
jerfc(x) = - xerfecx (B.4)

1
—— e
\fT{
Also, for large values of the argument, erfc(x) may be approximated by

2

erfC(X) 3"1“_9_}( (}x'__l"j+~l'§'ll—3"-?—§—+..o) (805)
v 2x”  4x 8x

Thus, for large x,
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o % . X8 (B - stcgeans] (B.6)

"
~ e

jerfc(x) =

and consequently, for x = 55.6,

]
(]

(B.7)

jerfc(x) =

This term is insignificant when compared with 1/’¢§f, and the

average temperature in the wire after 10 milliseconds is given by

21 1/2
T =T, == £)

=
av 0] J’“— P

a

(B.8)

ha

As a specific example, the average wire temperature after 10 milliseconds
for an initial temperature of 1188 degrees Fahrenheit above the end value,
i.e., 1400 degrees Fahrenheit wire temperature, is

T = 1188 - 2(1188) 1

- (o]
av 1.773 X 55,6 - 1164°F (B.9)

which is a decay of 24 degrees Fahrenheit during the period of interest.

Capacitor Discharge Time

The electrical charge on a condenser decreases exponentially with

time according to

o~t/RC

Q=Q, (B.10)

where Q0 is the initial charge, t is the time in seconds, R is the cir-
cuit resistance in ohms, and C is the capacitance in farads. For the
present application, the capacitance was 120 microfarads. The resistance

of the circuit was primarily due to the platinum element alone. Data of



reference (20) show that the electrical resistivity of pure platinum

6 6

varies from about 9.83 x 10~ to 32.8 x 10~ ohm-cm over a range of 20

to 760 degrees centigrade, For an average temperature of 800 degrees

6

Fahrenheit, the resistivity is 23,5 x 10 ° ohm-cm.

Thus a number 28 platinum wire, two inches long, has a mean

resistance of

_23.5 x 107 x5.08

R
8.13 x 1074

m

= 0.147 ohm (B.11)

during a typical boiling experiment. Approximating the time constant, i.e.,
the product RC, by use of a constant effective resistance equal to the

mean resistance of the platinum wire, the system time constant is

RC) = 0.147 x 120 x 107 = 17.6 x10™° seconds (B.12)

Thus, by Equation (B.10), the charge remaining in the capacitor after 50
microseconds is approximately 6 per cent of the initial valuej after 100

microseconds this is only 0.3 per cent.

Solution of Transcendental Equation
for Phase Growth Constant of Proportionality

The specific example presented here is for run number 6. The perti-

nent parameters for solution of Equation (4.38) are

—
v
=
n

1405 - 210.6 = 1194.4°F

T =

Using property values from references (24) and (25),

807.8°F




(B.13)

and

(B.14)

where the dimensions of distance and time are inches and seconds; respec-
tively. Computing b for a time of 6 milliseconds, the adjusted time is

Tadj = 0.010 seconds. Thus,

"Tadj = 0.1 (B.15)
For a trial solution, assume b = 0,18. This yields, from Equation (4.30)

0.18 x 0.1 +0.0049

€ =="0.736 x 0.1 - 0:0967 (B.16)
and
e'-C2 -
- 2.9195 (B,17)

Thus, using values of Ei from Table 3, page 86,

Ei(-cz) = -1.853 (B.18)




E,f*-ﬂL ) = 4,845 (B.20)

From Equation (4.38)

_ 0.1467 x 2.9195
T 0,7356(4.845 - 1.853)

b = 0,1947 (B.2L}

which is slightly higher than the assumed value. Assuming b = 0.1%5 and

repeating the calculations yields

T = 0.3193 (B,22]
. 2
e -
_— = 2,828 (B.23)
z L
2 o s
Ei(a( ) = =1,805 B. 24}

and thus

. 0.1467 x 2.828
T 0.7356(4.845 - 1.805)

b = 0.186 (B,25)

In practice, the use of graphical values of Ei(ux) for the rang

4

of the arguments encountered, i.e,, 0.003 < x < 0.14, as well as a grap
2
of e"K /€ for 0.28 < { < 0.35, were found to be very helpful in the -om

putational work.



Table 3. Values of Ei(—x) for Small Values
of the Argument (Abramowitz (29))

X »Ei(—xJ X —Ei(hx)
. 001 6.3315 .03 2.9591
.002 5.6394 .04 2.6813
003 5. 2349 +05 2. 4679
.004 4,9482 .06 2.2953
. 005 4,7261 .07 2.1508
. 006 4,5448 .08 2.0269
.007 4,3916 .09 1.9187
. 008 4,2591 =14 1.8229
.009 4,1423 211 Y. 2373
010 4,0379 212 1.6595
02 3.3547 »13 1.5889

» 14 1.5241




APPENDIX C

ERROR ANALYSES

Element Temperature Measurement Error

Vapor Cylinder Diameter Measurement Error



Element Temperature

The maximum error associated with determination of the arbitrary

function 1 1is given by

=
(&)

=V A
mlr = z ami Ami

where the mi‘s are the variables of measurement. For the case of thes
element temperature, the variables are:
1) bridge current, I
2) oscilloscope gain, G
3) oscilloscope reading error, S
4) oscilloscope drift between reference reading and data
reading, B
5) potentiometer error, H
¢) standard platinum versus platinum plus 10 per cent rhodium
thermocouple error, P
Items one through four occur twice in any temperature measurement; once
during calibration and once during the boiling experiment. Thus, the

maximum error in element temperature measurement is given by

aT ; aT 8T
= e _—— + F—
AT = 2 Al Al + 2 3G 4G 2 35 aS
aT AT aT
AL 2 i + = "
+2 55 8B + 35 OH + 55 4P {G.2)

The bridge current was adjusted to within one-half milliampere

for each reading. The current was nominally 70 milliamperes for most



tests, and an error of one milliampere could result in

AT _ 1 i o— \
AT - 70 X 1700 = 24°F/milliampere (C.3)
and thus
0T = oF (c.a)
2 31 AT = 24°F C.4)

The oscilloscope gain was adjusted and controlled to within one-tenthn
of the smallest grid division on the scope screen. Thirty-five of these

divisions represented as much as 1700 degrees Fahrenheit. Consequently,

1 — ~ 4Q0F/d; -
-3 X 1700 = 489F/div (C.5)
and
aT . - o oo :
2 3c 0C 2 2 x 48 x 76 = 9.6°F (C.5)

The oscilloscope reading error was also held to within one-tenth
of the smallest division of the grid for each reading. Two readings were
required for each temperature measurement, i.e., bridge unbalance voltage

and zero bridge current reference, thus

&l . L ~ o - 7
5 < 35 X 1700 489F /div E:7]
and
23 45 = 19,208 (C.8)
55 %

The oscilloscope drift was constantly checked, both during



calibration and during boiling tests. This was accomplished by repeating
the zero bridge current reference reading and observing any change in
value, This was also held to within one-tenth of the smallest grid divi-

sion, and

2 X~ AB T 9,69F (C.9)

The manufacturer's stated error for the K-3 potentiometer is 0.015

per cent plus 0.5 microvolts. The emf error at 1700 degrees Fahrenheit is

approximately
AH % 0.00015 x 8.625 + 0.5 x 1070 % 1.8 x 1075 (C.10)
and
& = nggg = 1979F/millivolt (C.11)
thus,
g% OH = 197 x 1.8 x 1075 % 0,350F (C.12)

The manufacturer's stated deviation for the platinum versus plat-

inum plus 10 per cent rhodium thermocouple is 0.75 degrees Centigrade, or

8T

3F AP =1 x (0,75 x 1.8) = 1.359F (C.13)

Hence, by Equation (C.2) the maximum error in element temperature is

AT = 24 + 9.6 + 19,2+ 9.6 + 0.35 + 1.35 = 64,1°F (C.14)



and the maximum per cent error is

AT _ 641 _
T = 1700 - 7% \5418)

Assuming a normal (Gaussian) distribution of errors, the probable

error in an arbitrary function is
1/2
sl = {Z:(Eﬁi ﬁm.)Q} (C.16)
p ami 1

Applying this expression to the element temperature yields for the pro-

bable error

aT = [(24)% + (9.6)%+(19.2) 4 (9.6)° + (0.35)°
+ (1392142 < 33.60F (€.17)
or, the probable per cent error is
AT
—B _ 33.6 _ 2
T o = 1-96& (C.18)

Vapor Cylinder Diameter

The variables of measurement are:
1) wire actual diameter
2) wire projected diameter
3) 1individual projection station diameter
4) definition of vapor-liquid interface
In addition, it is assumed (see text, Chapter III) that not more than

three per cent error is introduced by the approximation of the actual



irreqular vapor bubble by 26 short cylinders. Thus, Equation (C.l) is

modified to

ar = 0,03 + Z v L, (C.19)
@mi gl

In terms of the variables of measurement, Equation (C.19) becomes

o _oo0d a ¥ ap Mo ap 5 e K
D D adl D ad2 D ad3 D Ad D e

The wire diameter was measured with two instruments (see Chapter
I1) and for the number 30 wire was found to be 0.0098 plus or minus 0,00005
inch. The bubble diameter measurement is a linear function of the wire

diameter. Thus for the smallest projected wire diameter of 0,21 inch

ap. _ 0.2 N
dd, = 0.0098 (C.21)

and

ap_ % 0.21 0.00005

53d. D - 0D.0098 * o0.21 - 0.0031 (C.22)
1 - .

The projected wire diameter was measured to within one- one

hundredth of an inch, thus for the worst case

op_ %2 o.m

6d2 D 0.21

= 0.0476 (G.23)

The average vapor cylinder projected diameter was on the order of
one and one-half inches. Consequently, an error of one-one hundredth

inch in measurement resulted in
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4Ld

ap. =73 _ 0.01 _ \
30, D = 1 x == = 0.00666 (C.24)

The projected vapor-liquid interface was usually defined to within

0.02 inches at any point. Thus, for the average diameter

4id

b)) 4
D = 1 x

4

0.0

L.

(%))
)

|

= 0.01333 (C.25)

o]
o

and by equation (C.20), the maximum per cent error in the vapor cylinder

volume median diameter is

2D . 0.03 + 0.0051 + 0.0476 + 0.00666 + 0.01333 = 0.1027 (C.26)

or, 10.27 per cent. Again assuming a normal distribution of errors, the
probable error in vapor cylinder diameter is

2 ), = [(0.03)° + (0.0051)2 + (0.0476) 2 + (0.00666) °

1/2
+ (0.01333)2) = 0.0585 (2.27)

or approximately six per cent.



APPENDIX D

DATA

Calibration and Descriptive Data for Heater Elements
General Test Data for Each Transient Boiling Experiment
Vapor Growth Rate Data

Transient Heat Flux Data
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Table 4, Temperature Calibration Data for All Heater Elements
Thermocouple EMF  Bridge Unbalance  Bridge Current
Element Date millivolts millivolts milliamps
A 2-21-67 0.1368 0.36 80
A 2-21-67 0.7268 1.90 80
A 2-21-67 1.2545 3.06 80
A 2-21-67 1.6080 3.74 80
A 2-21-67 2.9289 6.00 80
A 2-21-67 3.6766 728 80
A 2-21-67 4,7005 8.80 &80
A 2=-21-67 5.2680 9.66 80
B 4.-4-67 0.1504 0.70 80
B 4-4-67 0.8802 2.66 80
B 4-4-67 1.5719% 4,14 80
B 4-4-67 2.4406 5.80 g0
B 4-4-67 3.4603 7.60 80
B 4-4-67 4,4565 9.28 80
B 4-4-67 5.6711 11.34 80
B 4-4-67 5.4370 10.94 80
C 4-29-67 0.3188 1.08 80
st 4-29-67 15122 4,00 80
G 4-29-67 2.3940 57D 80
C 4-29-67 4,0070 8.76 80
G 4-29-67 542672 10.88 80
C 4-29-67 6.3301 12,52 80
D 5-5-67 0.1365 0.06 80
D 5-5-67 1.4630 3,20 80
D 5-5-67 2.3691 4,80 80
D 5-5-67 3.8355 7.26 80
D 5-5-67 5.1489 9.30 80
D 5-5-67 6.3586 11.06 80
D 5-5-67 7.4940 12.66 80
D 5-5-67 7.9204 13,20 80
E 5-26-67 0.1367 0.60 120
E 5=26-67 1,4502 3.34 120
E 5-26-67 2.3185 4,66 120
E 5-26-67 3.8370 6.85 120
E 5-26-67 5.1180 8.56 120
E 5-26-67 6.1620 9.90 120
E 5-26-67 7.3101 11.34 120
E 5-26-67 7.9891 12,28 120
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Table 5, Heater Element Descriptive Data

Element Description

A Number 30 (0.0098 inch) diameter, commercially
pure platinum wire, 2.12 inches long, silver
soldered in one-eighth inch diameter bronze
holders

B Number 30 (0.0098 inch) diameter, commercially
pure platinum wire, 2.18 inches long, silver
soldered in one=eighth inch diameter bronze
holders

C Number 30 (Q.0098 jinch) diameter, commercially
pure platinum wire, 2,00 inches long, silver
soldered in one-eighth inch diameter bronze
holders

D Number 30 (0.0098 inch) diameter, commercially
pure platinum wire, 2,03 inches long, brazed
in one-eighth inch diameter bronze holders

E Number 28 (0.0126 inch) diameter, commercially
pure platinum wire, 1,94 inches long, brazed
in one~-eighth inch diameter bronze holders




Table 6. General Data for Transient Boiling Tests

Run Bulk Water Water Film Lens Data Barometric
No. Temperature Depth Type f/stop Ext. Tube Pressure
(® F) (in.) (in.) (in.Hg.)
1 208.5 Dupont 931A 1.4 18 29,17
3 210.0 3.38 Kodak Tri-X 1.4 0.5 29,40
4 211.0 2.50 Kodak Tri-X 1.4 0.5 29.30
5 211.0 1.75 Kodak Tri-X 1.4 1.0 29.30
& 210.5 2.50 Dupont 931A 1.4 1.al) 29.12
7 209.0 1.75 Dupont 931A 1.4 0.5 29.36
g 209.5 1.70 Dupont 931A 1.4 0.5 29.32
10 209.5 1.60 Dupent 931A 1.4 1.0 29.03
14 210.5 1.26 Dupont 931A 1.4 0.5 29,20
15 210.2 1.40 Dupont 931A 1.4 0.5 29.20
15A 210.2 1.40 Dupont 931A 1.4 0.5 25.20
16 210.2 0.7 Dupont 931A j B 1.0 29.20

L6




Table 7.

Heater Element Temperature Data for Transient Boiling Tests

Bridge Unbalance - Millivolts

Run Capacitor Time
No. Element Voltage Millisec. 1 2 3 B ) & 7 8 9 10
1 A 350 10.60 10.70 10.66 10.60 10.56
3 A 375 12.50 12.56 12.50 12.46 12,40
4 A 400 13.44 13.50 13.50 13.46 13.44
5 B 375 13.28 13.84 13.68 13.52 13.34
6 B 362 12.94 13.28 13.06 12.88 12.76
7 C 370 13.80 14,94 15.10 15.02 14.90 14.76 14.74 14.68 14.64 14.58
9 D 395 12.20 14.00 14,10 14.08 14.10 14.04 14.0C 13.96 13.90 13.80
10 D 410 13.36 14.72 14.76 14.70 14.68 14.50 14.48 14.36 14.12 14.00
14 E 420 10.24 10.26 10.22 10.20 10.16 10.16 10.12 10.10 10.04 9.92
In E 452 12.08 12.12 12.10 12,04 11.96 11.88 11.76 1l1.66 11.54 11.40
15A E 452 12,08 12.12 12.10 12.04 11.96 11.88 11.76 11.66 11.54 11.40
16 E 466 13.20 13.14 13.08 12.86 12.76 12.72 12.64 12.54 12.42 12.30

86




Table 8. Film Growth Rate Data for Run Number 1

Vapor Bubble Projected Diameter - Inches

Frame Frame 1 2 3 4 5 6 7 8 9 10 11 12 13
No. Station 14 15 16 17 18 19 20 21 22 23 24 25 26
wire 0.41 0.39 0.40 0.40 0.41 0,38 0.39 0.40

2 1.70 1.57 1.26 1.20 1.10 1.18 1.24 1.34 1.26 1.18 1.49 1.66 Yl
1.97 1.90 1.86 1.46 1:25 1okl 1.68 1.44 1:;72 1.90 2,02

4 0.69 0.69 0.85 1.16 1.27 1.09 0.56 0.58 0.99 0.76 0.4& 1.58 1.84
2.2% 2.60 I e 1.40 0.64 Q.66 0.65 1.21 1.46 1.72 1.80

6 0.88 (0.70 1.43 1.50 1.70 1,00 0.76 1,33 1«38 .72 0.46 o ) 2.88
2.65 2.50 1.14 g.55 0.82 0.78 0.56 0.98 178 2.36 2.28

8 1.00 0.75 120 1.87 Y. 70 1.37 1.13 1::32 1.44 0.%4 0.48 0.84 2.83
3.26 2.76 2,27 0.74 0.65 0.62 0.66 112 1.34 2.76 2.78

10 0.98 1.97 1.68 1.68 1.71 1.82 1.81 1.40 0.52 0.65 1.00 245 3.12
3.00 2.54 1.22 0.68 0.72 0.74 1.00 1.26 1.70 1.68 1.72

12 1.32  1.24 1.42 1.78  2.18 2.43 2.45 1.02 0.48 0.60 1.79 2.62 2.78
2,70  2.42 2.10 0.62 0.84 0.74 1.20 2.30 2.62 2,92 2.48

14 1.40 1.46 1.60 1.90 2.26 2.62 2.12 1.00 0.46 1.16 2.47 2.64 2.68
2.68 2.44 2.30 1.40 0.64 0.76 1.86 2.10 2.30 2.54 2.66

16 1.10 1.54 1.96 2ihe 2.70 2.45 1.74 0.70 0.60 177 2516 2.35 2.59
2.52 2.38 2.34 1.76 1.00 0.67 1.47 1.85 2.46 2.58 2.60

18 1.40 2.20 2.84 2.86 2.96 2.30 1.72 1.12 1.23 1.67 2.2 2.58 2.67
2.50 2.27 1.96 1.40 0.88 0.9% 1.63 2.35 2.36 2.60 2.14

20 1455 1.88 2.36 3.12 2.70 1.95 1.70 1.37 1.44 1.66 2.08 243 2.46

2.44 1.94 1.42 1.11 0.98 1.20 1.66 2:19 2.28 2.42 2452

Framing Speed: 23 Frames = 13.0 milliseconds



Table 9.

Film Growth Rate Data for Run Number 3

Frame Frame 1 2 3
No. Station 14 15 14
wire 0,22 Q23 Q.24

0.23 0.23 0.23

5 1.00 0.92 .84

1.24 112 0,70

10 0.60 1.04 0.98
1.50 1.42 0,34

15 0.62 1.28 |l ele]
1.76 1.67 0.62

20 0.32 1.40 1.45
1.86 1.78  0.60

25 0.40 158 1.74
2.07 1.70 0.52

30 0.40 1.44 1.62
2.16 1.62 0.30

25 0.60 1.42 1.93
2,11 1.90 0.68

40 0.90 1.62 1.88
2,10 2.00 0.86

45 1.30 178 1.80
2.03 1.88 1.02

50 1.50 1.78 1.80
1,83 1.85 1.25

Vapor Bubble Projected Diameter - Inches

4
g

Q.22
0.22
0.70
0.52
0.85
072
1.06
0.52
1.25
C.36
1.28
C.42
1.45
C.36
1.32
0.38
1.54
.42
190
0.33
1.56
0,40

5
18

0.23
0.23
0.62
0.28
QuTY
0.39
0.74
0.23
0.80
0.50
0.33
0.70
0.30
0.55
0.38
0.36
0.40
0.44
0.52
0.40
1.00
0.74

6
19

0.22
0.23
0.54
0.74
.56
0.27
0.34
0.32
0.34
0.29
0.47
0.60
0.47
0,72
0.40
0.66
Q.57
.38
0.68
.40
0.44
0.58

7
20

0.23

0.62
0.80
0.32
1.24
0.41
1.45
0.52
1.30
0.41
1.37
0.42
1.42
0.33
1.26
0.34
1.38
0.40
1.08
0.47
1.24

8 9 10 11

21 22 23 24
0.22

0.70 0.84 0.84 (.64
0.90 0.84 1.02 0.66
0,70 0,90 0,92 0.64
1.16 0.82 0,98 0.82
0.40 1.08 1.10 0.67
1.34  0.93 1,02  1.62
0.45 1.16 1.43 0.82
L7 1.24  0.94 0.45
c.e4 1.50 1.6 0.86
1.73 1.68 0.70 0.38
0.83 1.52 1.67 1.00
1.88 1.90 0.60 0.40
1.01 1.70 l1.76 1.18
1.88 2.07 Q.70 0.36
1.01 1.82 1.78 1l.22
2.06 2,00 0,90 0,52
1.48 1.84 L=75 0.92
2.20 1.92 1.24 0.56
1,53 1.96 1,70 0.98
2.13  1.94 1.42  0.66

Framing Speed:

47 Frames = 9.0 milliseconds
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Table 10. Film Growth Rate Data for Run Number 4

Vapor Bubble Projected Diameter - Inches

Frame Frame 1 2 3 4 5 6 7 8 9 10 11 12 13
No. Station 14 15 16 17 15 19 20 21 22 23 24 25 26
wire 0.23 023 0.21 0:22 0.21 0.22 0,22 0.21 0,22 0.2 0.22 0.23 0,21

0.22
B 0.52 0.66 0.76 0,81 0.76 Q.72 0.71 .86 0.72 0.60 0.8l 0.97
1.08 0.91 0.98 1.16 1,36 1.03 0.66 0.66 0.80 0.8&0 C.60 0.64
12 0.42 0.60 0.78 120 1.08 0.96 0.86 0.87 0.83 0.70 0.92 1.18
1,10 113 1.03 1.286 1.26 1«21 0.76 0.76 0.97 0,97 0.76 0.65
16 0.38 0.48 0.90 1.06 1.07 0.95 1.09 0.94 0.69 0.61 0.96 1.28
1.34 Y30 1.29 1.44 1.48 1.12  0.86 0.72 1.00 0.95 0.80 0.60
20 0.40 0.30 0.8% 1.12 1.14 1.12 1.04 1.02 0.86 0.66 . 1.34
1.43 1,85 1.46 1.56 1.58 1.24 0.80 0.82 1.10 113 0.78 0.62
24 0.62 0.37 0.40 1.18 1.22 1.29 1.18  0.99 0.62 0.76 1.02 1.40
1..55 1.60 ¥.56 1.76 1.68 1.30 G.82 0.90 1.10 1.08 0.70 0.40
28 0.30 0.26 0.23 1.40 1.32 1.40 1.32  0.94 C.60 0.66 1.16 1.48
1.76 1.90 1:98 LaBZ  1u76 1.40 1.00 1.00 1.28 1.26 0.60 0.46
32 0.50 0,50 0.42 1.34 1.66 1.66 1.36 0.%2 0.66 0.80 1.20 1.54
1.88 2.06 2.08 2,02 1.78 1.44 1.20 1.02 1.30 1.00  ©.50 0.50
36 0.51 0.60 0.30 1.10 1.92 1.81 1.46 1.04 0.32 0.42 Yol 1.62
2.07 2.21 2.32 215 1.78 1.50 1.24 1.26 1.30 1.00 0.50 0.50
40 0.73 0.92 0.24 0.60 2.05 2al2 1.56 0,99 0.40 0.40 0.50 1.58
2.06 2,36 2.48 2.32 1.98 1.64 1:20 1.28 1.27 050 0s37 0.42
Framing Speed: 3] Frames = 8.0 milliseconds
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Table 11. Film Growth Rate Data for Run Number 5

Vapor Bubble Projected Diameter - Inches

Frame Frame 1 2 3 4 5 6 7 8 9 10 11 3§71 13
No. Station 14 15 16 17 18 19 20 21 22 23 24 25 26
wire 0.42 0.44 0.42 0.41 0.43 0.42 0.42 0.43 0.43

4 1.44 1.30 1.21 1.14 1.01 1.44 1.46 1.63 1.76 1.38 1.23 0.94 0.95
1.38 l.44 1.26 1,04 1.22 1.22 1.43 1.62 1.20 1.80 1.92 1.46

8 1.80 1.64 1.08 0.78 0.89 1.22 1.76 2,02 1.78 1.5 0.90 0.46 0.58
c.9g 1.28 1.38 1.07 0.4 1.08 1.41 1.70 2.10  2.04 1.89 1.86

12 2.07 1.82 1.30 0.86 0.75 0.86 1.90 1.93 2.00 1.60 1,05 0.44 0.52
1.06 1.48 1.34 1.24 1.22 1.16 1.52 1.72 2.10 2.20 2.08 2.16
16 2.2 1.90 1.31 0.82 0.76 0.78 1.64 2.41 2.07 1.60 ©€.48 (C.70

0.7 B.72 331 1.61 1l.64 1.12 1.23 1.74 2.18 2.36 2.42 2,45 2.42

20 2.63 2.24 1.04 0.64 0.58 1.32 2.42 2.72 2.38 1.40 0.44 0.64 O0.70
0.48 0.53 1.02 1.2 1.30 1.52 2,00 2.62 3.10 3.20 2.20 2.65
24 2.96 2.21 0.96 0.58 0.61 1.56 2.78 2.78 2.38 1.70 0.60 1.04

1.26 0.99 0.68 0.66 0.58 0.72 1.5 2.40 3.16 3.42 3.40 3.00 2.62

28 2.82 2,48 1.26 0.65 1.06 2.10 2.88 3.06 2.72 1.96 1.22 1.07 1.23
1.25 0.5 ©0.79 0.92 0.66 0.80 2.90 3.22 3.46 3.40 3.20 3.00

32 2.62 2.04 1.42 0.78 1.26 2.04 2,80 2.84 1.62 2.16 1.64 1.27 0.52
0.78 0.e4 0.78 0.86 0.68 0.90 3.70 3.69 3.40 3.10 2.63 2.88

36 2.62 2.22 1,50 1.57 1.51 2.38 2.69 2.76 2.71 2.76 2.12 1l.15 0.68
0.98 1.04 0.60 0.62 0.62 1.50 3.14 3.65 3.72 3.50 2.10 2.88

Framing Speed: 41 Frames = 11.0 milliseconds
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Table 12. Film Growth Rate Data for Run Number 6

Vapor Bubble Projected Diameter - Inches

Frame Frame 1 2 3 4 5] 6 7 8 9 10 11 1z
No. Station 14 15 16 17 18 1% 20 21 22 23 24 25
wire 0.38 0.38 0.38 0.38 0.40 0.40 0.40 0.40
4 0.50 0.81 0.8 0.75 0.98 1.36 1.92 1.70 1.44 1,40 1.21 1.05 1.05
0.96 0.58 0.62 0.61 1:.12 1.62 15 %7 1.87 1.84 1.43 1.22 1.28 0.64
8 0.64 0.72 0.88 0.69 0.79 1.44 R X7 2.20 2.10 1.80 1.44 1 0.65
0.61 0.91 1.06 0.56 0.50 L.52 2.17 2.30 1.90 1,50 0.72 0.92 0.95
12 0.64 0.86 0.95 0.65 0.68 187 2.14 2.42 2.51 2.16 1.50 .63 0.57
0.68 1.29 1.42 1.3¢  0.72 0.73 L7 2436 2,75 2.29 0.64 (.66 0.84
16 0.73 0.84 0.7% 0.72 0.73 1.42 2.18 2.62 2.96 2.64 1.60 0.54 0.54
0.66 1.40 1.85 1.42  1.00 0.91 1.62 2.77 2.95 2.26 0.64 0.67 Y527
20 0.95 1.06 0.93 0.63 0.69 1.48 2.51 2.96 3,07 2.68 1.68 0.73 0.53
Q.77 1.46 1.56 1.42 1.08 1.54 2.31 2.60 2.67 2.56 1.28 0.60 1.08.
24 0.88 1.46 1.34 0.90 0.42 1.24 2.76 B2 3.14 2.80 1.91 0.92 0.62
0.88 0.90 1.24 1.68 2.02 2.24 2.40 2.52 237 2.04 1.07 0.62 0.64
28 0.64 1.66 170 1468 0,52 1.50 2.56 3.08 3,00 2,84 2.22 1.00 0.66
0.90 0.70 0.93 0.%8 2,32 2.46 2.54 2.57 2.46 2.30 1.92 1.40 0.62
32 1.40 1.30 1.02 1.14 1.50 2.03 2.36 2.78  3.14 2.92 2,52 1,40 0.77
.77 0.84 0.59 0.92 2.00 2.80 2.87 2,79 2.46 2.24 1.85 1.00 0.80
36 0.66 0.62 0,50 0.80 2.02 2.08 2.62 2.84 2. 77 2. 80 2.34 1.44 0.72
0.81 0.74 0.62 1.40 2.28 2:95 3.14 3.18 2.80 1.74 0.92 1.14 1.58

Framing Speed: 58 Frames = 16.0 milliseconds



Table 13.

Film Growth Rate Data for Run Number 7

Vapor Bubble Projected Diameter - Inches

Frame Frame 1 2 3 4 5 6 7 8 9 10 11 12 13
No. Station 14 15 16 i 18 19 20 21 22 23 24 25 26
wire .22 0.22 0.23 0.24 0.24 0.24
4 0.84 0.90 0.94 0.9 0.88 0.83 0.76 0.55 0.7 0.76 0.60 0.58 0.74
0.66 0.76 Q.72 0.75 0.72 0.8 .62 0.70 0.80 0.72 0.78 0.80 0©.70
8 0.94 1.04 1.16 1.20 1.14 0.92 0.78 0.%2 0.68 0.78 ©.73 0.76 0.78
0.71 0.82 0.86 0.88 0.80 0.76 0.71 0.78 0.88 0.96 1.060  0.95 0.96
12 1.08 1.16 1.27 1.38°1.30 1.06 0.62 0.48 0,30 .85 0.91 0.93 0.84
0.76 0C.g2 0.92 1.02 0.82 0.7 0.70 0.7% 0.94 1.00 1.0C8 1.04 0.&0
16 1.08 1.32 1.42 1.48 1.34 0.82 0.50 0.70 0.3l 0.30 0.92 0.86 0.78
c.82 0.92 1.04 1.1B 1.08 0.80 0.62 0.82 0.94 1.06 1.07  0.94 0.4
20 1.20  1.32 1l.6l 1.56 1.50 0.44 0.72 0.92 0.49 0.28 0.88 0.83 0.72
0.85 0.9 1413 1.22  1.056 0.82 0.46 0.70 .05 1.20 1.04 1.00 0.64
24 1.26 1.44 1.66 l.66 1.20 0.30 0.78 1.09 .78 0.26 0.48 0.96 0.93
0.87 1l.12 1.32 1.41 1.17 0.86 0.42 0.50 1.18 1.30 Va2 1.12  0.94
28 1.40 1.56 1.60 1.83  1.26 1.00 1.00  1.23 0.72 0.28 0.28 0.9 0.98
0.82 1.18 1.42 1.60 1.40 1.02  0.40 0.40 0.76 0.3 1.52 L3 1.06
32 1.44 1.63 2.00 1.81 1.20 0.32 0.70 1.32  0.76 0.36 0.36 0.29 0.79
0.80 1.22 1.70 1.82 1.6 0.92 0.33 0.46 0.42 1.42 1.66 1252 1.30
36 l.66 1.62 2.07 1.84 0.72 0.40 0.82 1.47 1.08 0.40 0.38 0.39 0.40
0.93 Yo 22 1.80 2.00 1.70 0.9 0.44 0.64 0.50 1.20 1.70 l.66 1.47
40 1.75 2.18 2,06 1.70 0.60 0.42 1.32 1.48 1.20 0.30 0.42 0.6e6 0.50
1,62 1.46 1.92 2,00 1l.8 0.50 0.62 0.96 0.59 0.50 1.68 1o22 1.66
Framing Speed: 41 Frames = 11.0 milliseconds
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Table 14,

Film Growth Rate Data for Run Number 9

Vapor Bubble Projected Diameter - Inches

Frame Frame 1 2 3 4 5 6 7 8 g 10 11 12 1.3
No. Station 14 15 16 i7 18 19 20 21 22 23 24 25 26
wire 022 D22 022 Q22 0.22 0.21 0.21 0.22 0.21

0.21 0.21 0.21 0.21 0.21 0.21 0.22 0.21 0.21
4 1.06 0.88 0.96 1.00 ©.94 0.92 0.98 1.00 0.90 0.80 1.00 0.83 0.78
0.78 0.78 0.94 1.06 1.08 0.84 1.00 0.92 0.98 0.92 1.08 0.96 0.92
8 116 1.02 182 0.96 31.01 1.08 1.14 1.26 0.84 0.88 0.96 0.86 0.8&
0.66 0.70 0.92 1.08 1.12 1.07 1.10 1.10 1306 1.08 110 1.04  0.90
12 1.18 1.14 1.06 1.10 1.12 1.12 1.34 1.38 1.12  0.78 0.&8 1.00 1.00
0.78 0.59 0.86 1.18 1.16 1,10  0.97 1.16 1.12 1.24 1.10 0.96 1.10
16 1.16 1.18 123 1.14 1.27 1.34 1.36 1.32 1.00 0.84 0.90 0.88 0.58
0.52 0.53 0.84 1.28 1.43 1.26 1.14 1.14 1.28 1.30 1.28 1.16 1.00
20 1.26 1.28 1.10 1.30 1.32 1.44 1.52 1.47 1.33 1.00 0.72 0.52 0.41
0.40 0.30 1.01 1.46 1.66 1.54 1.44 1.40 1.42 1 .37 130 1.18 0.98
24 1.40 1.28 1.28 157 1:35 1.B7 1.57 1.64 1.45 0.82 0.38 0.38 0.74
0.82 0.42 0.40 1.44 1.68 1.64 1.50 ;52 1.42 1.50 1.30 1.12 0.98
28 1.42 1.36 1.22 1.24 1.54 1.72 1.76 1.64 1.30 0.62 0.50 0.36 1.04
1.24 0.56 0.23 1.42 1.82 1.64 1.50 1.62 1.68 1.59 1.50 1.36 1.36
32 1.2 1.40 1.28 1.40 1.46 1.66 1.70 1.72 1.06 0.36 0.50 0.50 1.22
1.42 0.86 0.28 0,66 1.98 1.97 2.00 1.87 1.82 1.74 1.58 138 1.20
36 1.44 1.42 1.34 1.38 1.58 1T 1.83 1.56 0.32 0.42 0.41 0,46 1.42
1.68 1.32  0.34 0.34 1.88 2.14 2412 1.G6 1,86 1.86 1.64 1.40 1.28

Framing Speed:

27 frames = 7.0 milliseconds
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Table 16. Film Growth Rate Data for Run Number 14

Frame Frame if 2 3 4 5 6 7 8 9 10 11 12 18
Ne. Station 14 15 16 17 18 19 20 21 22 23 24 25 26
wire 0. 26 0.26 025 0.26 0.24 524
0.26 0:26 Q.25 0.25 0.24 0.24 0.26 0.26 0.26
5 0.40 0.88 0.94 0.84 0.88 0,75 0.71 0.81 0.88 0.78 0.80 1.00 1.09
0.98 0.92 0.62 0.72 0.72 0.71 0.76 0.76 0.82 0.72 0.48
10 0.60 0.82 0.93 0.96 0.40 0.46 0.82 1.06 0.98 0.76 0.96 1.16 1.24
1.16 1.00 0.46 0.38 0.61 0.66 0.76 0.93 1.C0 1.06 0.82
15 0.40 ;75 1.36 0.96 0.40 0.47 0.29 1.16 1.07 0.86 1.03 1.31 1545
1.382 0.90 0.38 0.36 0.56 0.70 0.84 1.06 1.16 1.20 0.99
20 C.40 1.04 1.50 1.30 0.62 0.50 0.36 1.02 1.16 0.92 1.16 1.39 1.53
1.26 0.30 0.60 057 0.56 0.66 0.89 L2 1533 l1.16 0.97
25 0.38 0.90 1.58 1.34 0.42 0.40 0.28 C.66 1.18 1.06 1.29 1,42 1.74
1.89 027 0.80 0.86 0.32 0.32 0.60 1.36 1.66 1.50 1.20
30 0.38 1:22 1.61 1.22 0.32 0.67 0.47 0.40 1.08 1524 1.38 1.78 1.95
1.08 0,32 0.98 0.62 0.40 0.35 0.35 132 1.66 1.85 1.28
35 0.38 1.12 1.54 l1.44  0.93 0.40 0.44 0.37 C.30 1.36 1.44 1.65 1.65
1.40 0.47 107 0.93 0.68 0.58 0.42 0.33 1.42 1.81 1.64
40 0.36 0.84 1.67 1.50 1.14 0.36 0i 60 0.46 G52 0.56 1.62 1.86 2.00
1,55 0.51 0.81 1.19 0.84 0.31 0.34 0.87 1.94 1.70 1.06
45 0.42 0.92 1.78 1.39 1.10 0.36 0,30 0.45 0.29 0.41 1.90 2412 1.94
1.35 0.68 0,72 1.13  0.70 0.28 0.36 1.25 1.82 1:586 1.00

Framing Speed: 33 frames = 7.0 milliseconds
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Table 17 Film Growth Rate Data for Run Number 15

Vapor Bubble Projected Diameter - Inches

Frame Frame 1 2 3 4 5 6 7 8 9 10 i) 12 13
No. Station 14 15 16 17 18 19 20 21 22 e 24 25 26
wire 0.28 0.27 0.27 0.28 0.26 0.28 0.26 0.27 0.28 0.28
027 8.8 BuPs 0,25 827 W26 B.26 0.26 0.2F Q.27 0.27
9 0.96 0.95 0.92 0.8 0.84 0.70 1..02 0©0.72 0.91 0.79 0.86 0.72 0.88
0.%96 0.92 0.87 0.99 0.78 0.73 0.76 0.92 0.92 0.93 0.83
10 0.94 0.96 0.80 0.77 0.92 0.98 0.%0 0.93 0.83 0.93 0.9 0.80 0.99
1.286 1.04 0.96 0.87 0.82 0.79 0.84 0,90 0:90 1.00 0.97
15 1.00 1,00 0.%92 0.92 1.01 1.06 1.00 ©.78 0.84 0.98 1.00 1.02 1.04
l1.l6 1.18 ©o0.8 0.78 0.88 0.80 0O.87 0.94 1.03 1.16 1.00
20 1.1 1.06 1.00 0.92 0.98 1.12 0.9 0.87 1.04 1.20 1.06 1.07 1.18
i.30 1.1 1.4 H.B6 0.70 0.930 11.02 1,68 1.19 .16 1.22
25 1.13 1l.12 '0.97 1,00 1,15 1.19 ©.9 0.80 0.93 1.16 1l1.l6 1.17 1.37
1.32 1.34 1.05 ©0.65 0.48 0.75 1.02 1.07 1.28 1.12 1.46
30 1,24 1,02 0.87 1.04 1.16 1.20 0.98 0.74 0.90 1.12 1.17 1.28 1.30
1.38 1.38 1.06 0.35 0.33 0.44 1.03 1.17 1.48 1.60 1.5%6
35 1.22 1l.21 0.94 1.07 1.14 .12 0.79 0.90 0.92 1.11 Y33 1.36 l.32
l.66 1.0 0.9% 0.40 0.67 0.35 0.92 1.38 1.62 1.70 1.34
40 1.30 1.26 1.1 1,13 1.17 1.17 098 0.94 1l.0e 1.12 1.38 1.48 1.63
.64 1,55 0.3 0.43 0.83 ¢©€.8 0.40 1.5 1.80 1.90 1.50
45 1.38  1.36 1.32 1.14 1.31 1.26 0.87 0.84 0.88 1.13 1.43 1.68 1l.86
1.85 1.74 0.58 ©0.36 0.9 0.66 0.37 0.92 2.06 2.00 1.82
Framing Speed: 29 frames = 6.0 milliseconds

80T



Table 18. Film Growth Rate Data for Run Number 15A

Vapor Bubble Projected Diameter - Inches

Frame Frame 1 2 3 4 5, 6 7 8 9 10 11 12 13
No, Station 14 15 16 17 18 19 20 21 22 23 24 25 26
wire 0.25 0.25 0.26 085 0y 0.25 0.26 0.26

5 0.96 0.92 0.88 0.80 0.82 0.80 0.75 0.88 0.72 0.71 0.70 0.75 0,72
0.82 0.82 0.86 0.80 0.70 0.72 .70 0.70 0.71 0.78 0.76 0.85

10 0.96 0.90 0.90 0.82 0.78 0.77 0.90 0.85 0.77 0.74 0.78 0.87 0.86
0.90 0.88 0.97 0.%4 0.72 0.68 0.74 0.82 0.8 0.82 1.00 0.92

15 0.92 0.93 0.86 0.97 0.86 0.88 0.91 .20 0.78 0.80 0.92 0.94 0.90
1.02 1.00 0.98 0.92 0.72 0.70 0.86 0.80 (©.82 0.90 0.84 0.94

20 0.97 0.%94 0.93 1.02 0.90 0.86 0.94 0.82 0.84 0.90 0.96 1.06 IR
1.16 1.23 1.02 0.8B0 0.54 0.60 0.85 0.91 0.90 1.04 1.16 0.94

25 0.96 0.86 0.86 0.96 0.98 1.00 1.02 0.98 G.80 0.98 L.62 1. LB 1.25
1.34 1,582 1.16 C.90 0.42 0.42 0.81 0.91 1.06 £e28 T 29 1.02

30 0.92 0.98 1.00 0.98 1.08 1.12  0.98 0.4 0.76 0.90 0.94 1.20 1.40
1.46 1.42 1405 0.62 0.48 0.50 1.00 1.02 ¥l 1,52 1.36 0.80

35 0.92 0.90 0.%0 1.08 1.17 j N Mo} 1.10 0.84 0.90 0.94 1.08 1.26 1.42
1.66 1.73 1.36 0.46 0.42 0.36 0.40 1.21 1.48 1.60 1.80 110

40 1.06 1.04 0.%6 0.94 1.36 1.30 1.22 1.03  0.78 0.92 1.12 1.32 1.60
1.78 1.84 1..56 1.35 0.58 0.46 0.36 1.36 1.50 1.80 1.62 1.38

45 1.16 1.06 0.92 0.9 127 1.32 1.20 0.90 0.86 0.82 1.22 1268 1.83
2.03 2,00 1.26 0.37 0.80 0.80 0.42 0.70 1.84 1.96 2.00 1.26

15 2nd 0.94 C.96 0.94 0.98 0.94 0.86 0.90 0.92 0.84 0.80 0.88 0.90 C.98
Observer 1.04 1.08 1.00 0.88 0,76 0.76 0.84 0.76 0.80 0.90 0.84 0.90

30 2nd 0.92 1.00 1.02 0.92 1.04 1.10 0.94 0.82 0.76 0.88 0.92 1.14 1,32
Observer 1.40 VB2 1.22  0.72 0.42 0.50 1.00 1.04 L.20 1,.5% 1.40 C.80

Framing Speed: 32 frames = 7.2 milliseconds
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Film Growth Rate Data for Run Number 16

Vapor Bubble Projected Diameter - Inches

Frame Frame 1 2 3 4 5 6 T 8 9 10 11 12 13
No. Station 14 15 16 17 ig8 19 20 21 22 23 24 25 26
wire 0.46 0.45 0.45 0.45 0.45 0.45 0.46 0.45

0.45 0.46 0.45 0.46 0.46 0.45
4 1.6 1,52 1.69 1.76 1.76 1.82 1.82 1.86 1.87 1,72 1.96 1.76 1.84
l.94 2.04 1.40 1.88 1.78 1.68 2.06 2,20 2,26 1.18 1.84 1.60
8 1.96 2,08 2.18 2.22 2,44 2,36 2.24 2.32 2,20 2.06 2.04 1.64 1.48
l.24 1.00 1.66 1.84 2,06 1.65 1.26 0,96 0.86 1.16 1,00 2.12
12 2.10 2.20 2.44 2.46 2,68 2.83 2.8 2.62 2.48 2.30 1.82 1.20 0.46
0.52 0O.78 1l.22 1.82 1.82 1,24 0.78 0.84 0.84 0.7 1.10 2.30
16 2,32 2,38 2.44 2,62 3.00 2.97 2,88 2.90 2.70 2.30 1.20 0.60 0.80
6.8 1.18 1.90 2,00 2.26 1,42 1.26 1.22 1.20 1.4 0.76 2.30
20 2.08  2.52 2,66 2.60 2.89 3,00 2,96 3.06 3.18 2.82 1l.66 0.66 0.80
C.69 0.82 1.62 2.16 2.52 2,44 1,95 1.80 1.40 1.18 1.12 0.87
24 1.00 2.27 2.62 3.14 2.90 2,94 3.26 3.26 3.26 2.70 0.80 0.66 0.84
0.74 0.54 1.57 2.41 2.42 2,47 2,48 1.80 1.64 0.86 0.8 1.00
28 0.7 1.29 3.07 3.12 3.12 3,19 3.34 3.256 3.18 2.26 0.72 0.58 0.66
0.63 0.82 2.02 2.76 2.92 2.95 2.93 2.18 1l.60 0.66 0.98 1.20
32 0.72 0.72 3.02 3.82 3.48 3.76 3.78 3.42 3.10 1596 0.84 0.62 0.72
0.92 1.24 2,02 2.86 3.08 3,22 3.20 2.%% 1.90 1.16 0.92 1.26
36 0.72 0.84 1.22 3,46 4.00 3.96 3.92 3.64 2.68 1.64 0.60 0.88 0.93
0.80 1l.18 2.34 2,79 3,20 3.5 3.40 2.95 2.38 1.69 0.90 0.94
40 0.79 0.76 1.38 2,30 4.40 4,40 4,14 4,02 2.56 0.83 0.60 (.66 0.72
075 1.16 2.46 3.02 3.46 3.60 3.40 2299 1.40 0.80 1.10 1.28
44 1.26 0O.84 1,20 1.86 4.25 4,74 4.5 3.62 2.40 1.22 0.67 0.92 0.97
0.76 1.12 1.8 3.22 3.5 3.78 3,30 3.02 2,30 1,00 1.02 1.14
Framing Speeds 59 frames = 13.0 milliseconds
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Figure 18. Plot of Vapor Bubble Diameter ag a Function of Time for Run 1.
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Figure 20. Plot of Vapor Bubble Diameter as a Function of Time for Run 4,
T -T = 1595 - 210.9 =1384"F
w sat
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Figure 21. Plot of Vapor Bubble Diameter as a Function of Time for Run 5.
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Figure 22. Plot of Vapor Bubble Diameter as a Function of Time for Run 6.
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Figure 23, Plot of Vapor Bubble Diameter as a Function of Time for Run 7.
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Figure 24. Plot of Vapor Bubble Diameter as a Function of Time for Run 9,

T -T _ =1680 - 210,92~ 1469°F
W sat
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Figure 25. Plot of Vapor Bubble Diameter as a Function of Time for Run 10.
T -T = 1739 - 210.4 ~ 1529°F
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Figure 26, Plot of Vapor Bubble Diameter as a Function of Time for Run 14,
T =T = 1308 - 210.7 = 1092"F
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Figure 28. Plot of Vapor Bubble Diameter as a Function of Time for Run I5A.
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Figure 29. Plotl of Vapor Bubble Diameter as a Function of Time for Run I6.
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