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ABSTRAGCT

An experimental investigation was made of forced convection film
boiling of subcooled water around a sphere at atmospheric pressure.
The water was sufficiently cool that the vapor condensed before leaving
the film with the result that no vapor bubbles left the film. The ex-
perimental runs were made using inductively heated spheres at tem-
peratures above 740°C. and using inlet water temperatures between
150C. and 27°C. The spheres used had diameters of 1/2 inch, 9/16
inch, and 3/8 inch and were supported by the liquid flow. Reynolds
numbers between 60 and 700 were used/.

Analysis of the collected non-condensables indicated that oxygen
and nitrogen dissolved in the water accumulated within the vapor film
and that hetrogeneous chemical reactions occurred at the sphere
surface. An iron-steam reaction resulted in more than 20% by volume
hydrogen in the film at wall temperatures above 9000C. At tempera-
tures near 1100°C, more than 80% by volurﬁe of the film was composed
of hydrogen. It was found that gold plating of the sphere could elimi-
nate this reaction,

Material and energy balances were used to derive equations which

may be used to predict the overall average heat transfer coefficients



A

for subcooled film boiling around a sphere. These equations include
the effect of dissolved gases in the water. Equations also were de-
rived which may be used to predict the composition of the film for
cases in which an equilibrium exists between the dissolved gases and
the gases in the film.

The derived equations were compared to the experimental results.
It was found that a correlation existed between the Nusselt number
for heat transfer from the vapor-liquid interface into the liquid and
the Reynolds number, liquid Prandtl number product. In addition,
it was found that the percentage of dissolved oxygen removed during

the film boiling could be predicted to within 10%.
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INTRODUCTION

Boiling is the rapid vaporization of a liquid which occurs when a
liquid is heated to a temperature such that its vapor pressure is
above that of the surroundings. Boiling, however, occurs in three
characteristic forms which are nucleate, transition, and film boi‘ling.
Figure 1 is an illustration of the location of the three regimes (67).

Nucleate boiling is the most common type of boiling and it is re-
presented by the region A - B of Figure 1. It is characterized by
bubbles which rise from discrete points on a surface whose tempera-
ture is only slightly above the liquid's saturation temperature. The
nucleate boiling regime has been described as consisting of four
subregions (25). The first of these is the discrete bubble region in
which the vapor rises in distinct bubbles.. The second is a region in
which the bubbles leave the nucleation site rapidly enough to join'
vertically into vapor columns. The third is a region in which the
vapor columns become numerous enough to join horizontally into
vapor mushrooms. The last subregion is characterized by small
vapor patches beginning to appear on the heated surface.

In general, the number of nucleation sites are increased by an
increasing surface temperature. When the surface temperature

reaches a maximum value, the critical superheat, vapor begins to
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Figure l.--The first boiling curve which was obtained by
Nukiyama in 1934 (67).



form at a more rapid rate than the rate at which the liquid can reach
the surface. Thus, the heated surface suddenly becomes covered
with a vapor layer. Because of its lower thermal conductivity, this
"vapor layer insulates the surface. This condition of a vapor film
insulating the surface from the liquid characterizes film boiling which
is represented by region C - D in Figure 1.

Region B - C in Figure 1 is the transition region. Transition
boiling may be defined as the unstable boiling which occurs at surface
temperatures between the maximum attainable in nucleate boiling
and the minimum attainable in film boiling. A characteristic of this
regime is that an increase in temperature difference between the
heated surface and the liquid results in a decrease in heat flux.

Since nucleate boiling occurs in most applications, it has been
studied in great detail. However, since the bubbles randomly leave
the surface, nucleate boiling is by nature complex and may not be
described by simple analytical expressions. Experimental research
has shown that the surface characteristics are extremely important
in nucleate boiling. Because of this, analytical investigations have
been primarily concerned with the dynamics of single bubbles in the
vicinity of nucleation sites (65).

In contrast, extremely little experimental work has been done on

transition boiling, because it cannot be maintained on an electrically



or combustion heated surface. No practical applications have been
found for transition boiling.

Film boiling was first described by Leidenfrost in 1756 (44).
However, it was not until 1934 that Nukiyama (67) described the
three regimes of boiling as shown in Figure 1. The first analytical
investigation of film boiling was published by Bromley in 1950 (9).
Since that time, many experimental and analytical investigations of
film boiling have been made.

In contrast to nucleate boiling, the surface characteristics have
been found to have little effect on film boiling. The analytical inves-
tigations of film boiling have been based on heat transfer through a
continuous vapor film. A comprehensive survey of the analytical
and experimental investigations of film boiling has been made and is
presented in Appendix A.

The previous studies of film boiling have not considered the
effect of dissolved gases and the effect of heterogeneous chemical
reactions on the solid surface.

Film boiling may be accompanied by deaeration and chemical
reactions. During film boiling of a liquid containing small amounts
of a dissolved gas, the dissolved gas will diffuse into the vapor film.
Thus, the film boiling of water containing small amounts of dissolved

air will result in a partial deaeration of the water. A common



commercial method of deaeration of water involves exposing the
water to stearm and permitting the air to diffuse into the steam until
an equilibrium is established (38). A similar situation will occur
during the film boiling of aerated water. The vapor film will contain
a much higher percentage of oxygen and nitrogen than the liquid
originally contained.

If the material being film boiled decomposes at the temperature
of the hot wall, thermal cracking may occur, Since the liquid is
vaporized rapidly and remains in the vapor briefly, a condition of
rapid heating and quenching results (9). If the vapor film is rich in
air from a deaeration of the liquid, the oxygen present may result
in a partial oxidation of the vapor. In other words, if small quantities
of oxygen are present in the liquid, sufficiently large quantities may
be present in the vapor film to cause partial oxidation to occur in
addition to the thermal cracking.

A second type of chemical reaction is possible. If the solid sur-
face on which the film boiling takes place reacts chemically with the
gases in the film, a heterogeneous reaction may occur on the surface
(53). Reactions of this type possibly may be used for catalytic
reactions in which rapid quenching occurs.

Since there has been no previous investigation of the effects. of

gases dissolved in the liquid being boiled and since there has been
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no previous investigation of the effect of a heterogeneous chemical
reaction on the solid surface, these problems were chosen for an
investigation of film boiling. It was anticipated that these effects
should greatly influence the rate of heat transfer during film boiling.

The decision was made to use subcooled film boiling around a
sphere because by using sufficient subcooling the vapor could be made
to condense as it left the film. This would greatly facilitate the
measurement of heat transfer rates. In addition, the sphere could be
supported by the liquid flow and could be heated inductively. Since,
in this case, no solid object would touch the sphere, a constant sur-
face temperature should be maintained.

A previous investigation of subcooled film boiling on a sphere was
madelby Witte et al (70) (71). However, they preheated the spheres
prior to the film boiling, and consequently, the spheres did not have
a constant surface temperature. In one of their typical experimental
runs, the sphere surface temperature dropped from 1400°C to 800°C.
in 0. 15 seconds.

It was decided to study the film boiling of water for the following
four reasons. First, the concentration of dissolved gases could be
determined easily. Secondly, water is widely used for electrical

power generation. Thirdly, water is used in nuclear reactors. Lastly,
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when stainless steel spheres were used, the water could be expected
to react heterogeneously with the sphere surface. Thus, the film
boiling of subcooled water around a sphere should serve perfectly to
investigate the effects of dissolved gases and heterogeneous reactions

on heat transfer.



CHAPTER I

DESCRIPTION OF APPARATUS

Taylor (45) (64) noted that when a denser fluid is positioned
above a lighter fluid, the interfacé will be unstable. As a result of
this instability, bubbles of a less dense fluid will rise into a more
dense fluid; the instability is commonly called the Rayleigh-Taylor
instability (29). The film boiling of a saturated liquid around a sphere
demonstrates this phenomena. Frederking and Daniels (22) con-
sidered the Rayleigh-Taylor instability while examining the film
boiling of a saturated liquid around a sphere and noted that the fre-
quency at which the bubbles leave the film is inversely proportional
to the square root of the diameter of the bubbles. Hendricks and
Baumeister (30) noted that as a result of the Rayleigh-Taylor in-
stability, bubbles leave the film from either a single dome on a small
sphere or from several domes on larger spheres,

However, if the liquid is subcooled below its boiling point and is
forced to flow upward past the sphere, the bubbles can be made to
condense as they are about to leave the interface, as reported by
Jacobson and Shair (35). Thus, the cool liquid tends to stabilize the
interface with respect to the Rayleigh-Taylor instability. As a re-

sult, no net formation of vapor occurs in the vapor film.
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Figure 2 illustrates the apparatus used to achieve these conditions
cxperimentally. The sphere was supported by the upward flow of the
liquid through the funnel shaped tube.

An additional advantage of using conditions under which no net
formation of vapor occurs was that the downstream liquid flow con-
sisted of only one phase. Thus, the rate of heat transfer from the
sphere to the liquid was determined by measuring the downstream
and the upstream temperatures and the liquid flow rate. The tem-
perature of the sphere was measured optically with the result that
no contact existed between the sphere and any other solid object.
Therefore, the sphere surface possessed a uniform temperature over
the entire surface.

Non-condensables may enter the vapor film in any of three ways:
(1) gases dissolved in the liquid may diffuse into the vapor film,

(2) the vapor itself may be thermally decomposed, and (3) the vapor
may react with the solid surface. As the vapor condensed in the
upper region of the vapor film, these non-condensables preéent were
not absorbed into the liquid phase in the short period required for the
condensation of the vapor. The non-condensables then appeared as
small bubbles in the downstream liquid flow,

The apparatus constructed for the experimental investigation of

the preceeding phenomena consisted of a constant head tank to force
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Figure 2. --Geometry used in experimental investigation.,
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liquid through the test section, a test section to contain the sphere,
an induction heating unit to heat the sphere, a temperature recorder
and an optical pyrometer to measure temperatures, a gas chromato-
graph to determine the composition of the non-condensables, and an
oxygen analyzer to determine the dissolved oxygen concentration.
Table 1 lists in detail the basic components used to construct this

apparatus which is shown in Figure 3.

Reservoir and Constant Head Tank

To maintain a constant liquid pressure into the test section, a con-
stant head tank was used, as shown in Figure 4. The liquid to be
boiled was stored in a reservoir which consisted of a three liter flask
from which the liquid was continuously pumped through the constant
head tank. The constant head tank was constructed from a 500 milli-
liter boiling flask and was located to maintain a liquid head of 5.5
feet. Pressure oscillations introduced by the pump were not of
sufficient magnitude to é:ause variations in the flow through the test
section. The various components were connected by 0 5 inch O. D.
Tygon tubing.

The constant temperature bath useci to heat or cool the reservoir

was not temperature controlled, but was of sufficient size to remain

within one Centigrade degree during an experimental run. In general,
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the temperature at the inlet to the test section was not determined by
the temperature in the constant temperature bath, but by a heat ex-
changer on the inlet to the test section. The purpose of the constant
temperature was to allow the liquid to reach an equilibrium with the
atmosphere. In other words, the dissolved oxygen and nitrogen were
at equilibrium with the atmo.sphere at the temperature in the reser-
voir. By varying the temperature in the reservoir, the_a concentra-
tions of the dissolved oxygen and nitrogen in the liquid could be
varied.

The concentration of dissolved oxygen was measured analytically
because it was not certain that an equilibrium existed in the reservoir.
The temperature in the reservoir was measured as a check on the
accuracy of the analytical measurement. The constant temperature
bath was stirred constantly and was heated by a 0 to 1.0 kilowatt
heater. If cooling was desired, ice was added to the constant tem-
perature bath, The temperature in the reservoir was measured with
an iron-Constantan thermocouple in a glass well,

The heat exchanger was used to determine the temperature at the
inlet of the test section. The water to be boiled flowed through the
inner tube and the cooling or heating water flowed through the outer

tube of the heat exchanger. A valve was located downstream from the
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heat exchanger and was used to vary the flow rate through the test
section,

The flow rate of water through the test section was measured by
a rotameter. The rotameter was located downstream from the valve
used to vary the flow rate. The rotameter had been calibrated by
using the constant head tank to pass water through it. The flow had
been diverted into a graduated cylinder and timed with a stop watch
at various flow rates. Figure 5 is a plot of the rotameter scale
reading versus the flow rate in grams per second. It was noted
during the calibration of the rotameter with water that the error in-

troduced by varying the temperature of the water was negligible.

Test Section

After leaving the rotameter, the liquid to be boiled flowed into the
test section diagramed in Figure 6. The test section consisted of a
7/8 inch 1. D. glass tube with a Lavite support for the sphere as shown
in Figure 2. Lévite was used to support the sphere because it is an
insulator and, therefore, not éffected by the inductiqn heater. ILavite
has an additional advantage of being insensative to thermal shock
which may result from sudden contact between the sphere and the
support. The Lavite support was one inch in height and had an in-

ternal diameter of 3/8 inch and an external diameter of 7/8 inch.
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Figure 5. --Rotameter calibration for water at 20°C.
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Above the sphere the liquid flowed through a six inch long equili-
brium section before reaching the outlet tube and the downstream
thermocouple. The equilibrium section was insulated with Armstrong
Armaflex insulation to prevent heat losses to the atmosphere. The
entrance section upstream from the sphere also was insulated to
prevent heat losses and errors in the measurement of the inlet
temperature.

The outlet tube was inclined downward as shown in Figure 6 pre-
venting the non-condensables from being entrained in the outlet
stream., rThe non-condensables were allowed to rise as bubbles into
an inverted 50 milliliter burette located above the equilibrium
section. At the beginning of an experimental run the burette was
filled with water and as the run progressed the burette would fill
with non-condensables. These non-condensables later were analyzed
with a gas chromatograph to determine their composition. An iron-
Constantan thermocouple located in the upper end of the burette was
used to measure the temperature of the collected gases. The
burette was used to measure the volume of gases collected over a
given peribd of time. The burette was surrounded with a cooling
jacket which mainfained the collected gases at a constant temperature.

A downward inclined pressure tap was located above the outlet.

This pressure tap was connected by a water filled line to a mercury
\
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manometer., The pressure of the collected gases in Lthe burette was
determined by measuring the height of the mercury column and the
height of the water column,

Heat‘transfer measurements were made by the previously men-
tioned upstream and downstream thermocouples. The thermocouples
were both iron- Constantan and were painted with Glyptol insulating
varnish to prevent corrosion of the junction. They were located far
enough from the induction heating coil to prevent inductive heating
of the thermocouples. To allow visual observation of the sphere and
to allow its temperature measurement by an optical pyrometer, the
test section was not insulated near the sphere.

The spheres used in the various experimental runs were ball
bearings of several diameters. The bulk of the spheres was type
440 stainless steel which is corrosion resistant and is easily heated

inductively. The Handbook of Chemistry and Physics (32) reports

that.type 440 stainless steel is composed of 0. 6% to 0. 75% carbon,
16% to 18% chromium, 0.75% molybdenum, less than 0.04% phos-
phorus, less than 0.03% sulfur, and the remaining portion iron.
Several additional spheres were used consisting of gold plated on
a layer of nickel which in turn was plated on stainless steel spheres
of the above type. The nickel retarded diffusion of the gold into the

stainless steel.
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Induction Heating Unit

The sphere was heated inductively with a high frequency induction
heating unit which was used with an appropriate coil to operate at
frequencies between 2.5 and 5.0 MHz. The manufacturer recom-
mends a load coil of approximately 1.5 uh. when operating in the
2.5 to 5.0 Mhz. range.

The load coil was wound from 3/16 inch O. D. copper tubing. The
coil had 5 1/2 turns, had a length of 1 3/8 inches, and had a diameter
of 1 7/8 inches. A coil of these dimensions had a calculated induc-
tance of 1.07 ph. The connection of the coil to the induction heating
unit was made with two 30 inch lengths of copper tubing spaced one
inch apart. The load coil was positioned directly around the sphere

being heated.

Temperature Measurement

The temperature at the inlet and outlet of the test section, in the
reservoir, and of the collected gas were measured with iron-
Constantan thermocouples and a temperature recorder. This recorder
was equipped with a meter and a strip chart to measure temperatures
over the range of 0-400°F., Because it was more accurate, the
meter rather than the strip chart was used. The instrument read six

temperatures automatically and switched from one to another every
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thirty seconds; in three minutes all six thermocouples were read.

In addition to the four thermocouples mentioned above, a fifth thermo-
couple was used in a water bath with a mercury thermometer to cali-
brate the recorder. The sixth thermocouple position was not used
during the experimental runs. All thermocouples were made from
the same spool of thermocouple wire.

The temperature of the surface was measured with an optical
pyrometer which measured the brightness of emitted red light. The
pyrometer was located 13 inches from the surface af the sphere
which was viewed by looking into the induction heating coil at an
angle of approximately 450 from horizontal. The optical pyrometer
measured the black body temperature. An error in the temperature
measurement may have been introduced because of variations in the
emissivity of the sphere's surface.

A test was run which indicated that the error introduced by
absorbtion of red light by the water was negligible. A type T-24
tungsten strip lamp was viewed directly and through various depths
of water. It was found that the error introduced was approximately
4° C. per inch of water. The depth of water through which the sphere
was viewed during the experimental runs was less than one inch;

therefore, this correction was ignored.



_24-

Gas Chromatograph

To determine quantitatively the composition of the gas removed
during the film boiling, a gas chromatograph was used. Figure 7 is
an illustration of the gas analyzing system. The gas collection
burette of the film boiling apparatus was connected by five feet of
1/8 inch O. D. copper tubing to a sampling valve.

At the completion of a test run, the collected gas was forced from
the burette by opening the exit stopcock and pressurizing the collected
gas, ' The gas was pressurized by closing the liquid exit from the
film boiling apparatus and opening the valve between the constant
head taﬁk and the film boiling apparatus. The increased water pres-
sure then pressurized the collected gas and forced it through the
stopcock and the copper tube into the sampling valve. This valve
then was used to inject a gas sample into an argon carrier. The
volume of the gas sample injected during test runs was 0. 525 milli-
liters.

This sample injected into the carrier by the sampling valve passed
through a packed column which separated the sample plug into three
plugs of hydrogen, oxygen, and nitrogen. These three plugs ti’len
flowed into the chromatograph detector. The column used was main-
tained at room temperature and the flow rate through it was measured

by a bubble-tube flowmeter. The column was constructed by packing
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Figure 7. --Gas chromatograph used to analyze non-condensables.
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a tube (8 feet 9 inches long, 1/8 inch O.D., 30 gage, 303 stainless
steel) with 13 X Molecular Sieve of 30/60 mesh. Prior to its use,
the column was conditioned by heating it for 16 hours at 345° C. while
passing helium through it to remove contaminates.

The chromatograph used consisted of a bridge circuit and two
thermistor detectors. The carrier gas was constantly fed through
one detector while carrier gas and sample were fed through the other;
The bridge then measured the unbalance between the two detectors
which responded to gases of varying thermal conductivity., Since it
was necessary to know the hydrogen concentration accurately, and
since the thermal conductivity of argon is considerably higher than
that of hydrogen, argon was chosen as the carrier gas.

The unbalance of the bridge was measured with a strip chart
recorder set to the 5 millivolt range. The output of the recorder
was related to the concentration of the injected sample. The chro-
matograph had been calibrated for the integrated areas under the

recorder trace as described in Appendix E.

Dissolved Oxygen Measurement

A 125 milliliter flask was located upstream from the inlet of the
test section at the point labled "Oxygen Measurement'' in Figure 3.

As an experimental run progressed, the incoming water flowed



I

through this flask and at the conclusion of the run, the flask con-
tained a representat‘ive sample of the incoming fluid. During an ex-
perimental run approximately 2 liters of water flowed through the
sample flask. This was enough volume to purge the 125 milliliter
flask of its original contents. At the outlet of the test section the
liquid flowed through a heat exchanger composed of two concentric
tube glass condensers which lowered the temperature of the outlet
flow below 500 C. The liquid then flowed through a second 125 milli-
liter flask which provided a sample of the outlet flow. The outflow
of this flask was discarded. During an experimental run the 125
milliliter flasks were sealed with rubber stoppers and at the com-
pletion of the runs the stoppers were removed and the oxygen analyzer
was used to determine the concentration of dissolved oxygen in each
flask.

The oxygen analyzer used detected the oxygen partial pressure by
the diffusion of oxygen tﬁrough a Teflon membrane. The oxygen was
then reduced elect rochemi;:ally at a rhodium electrode when a
potential of 0.53 volts was applied between the rhodium cathode and
a silver anode. The resulting current was proportional to the oxygen

partial pressure in the sample.
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The oxygen analyzer was calibrated to compensate for the tem-
perature of the sample in the range of 0-50° C. The temperature
of the sample was read with a mercury thermometer. Prior to each
experimental run the analyzer was calibrated against a standard
solution of oxygen in water. This standard solution was prepared
by constantly bubbling air through water for at least 24 hours. After
this period of time it safely could be ass‘umed that the dissolved

oxygen was at equilibrium with the atmosphere.
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CHAPTER 1II

PROCEDURE USED FOR EXPERIMENTAL RUNS

Three different series of data were taken during various stages
of completion of the apparatus. The first taken was a series of pre-
liminary data in which dissolved gases were not collected. The main
purpose of the first series was to investigate the heat transfer rela-
tionships. However, during the experimental runs, it became
apparent that dissolved gases might have an effect on the heat trans-
fer relationships. Thérefore, a second series of data was obtained
from experimental runs during which the non-condensables were
collected and the inlet and outlet oxygen concentrations were
measured. Upon analysis of these data, it became apparent that a
heterogeneous chemical reaction may have occurred at the wall.
Therefore, a third and final series of data was obtained in which a
gas chromatograph was used to measure the concentrations of the
gases in the collected non-condensables. The apparatus used for the
final series of data is that described in Chapter I, "Description of
Apparatus'',

The experimental procedure for the first and second series of
runs was identical to that for the third series with the exception that

measurements of the volume and composition of the non-condensables
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were omitted, Therefore, only a description of the procedure used
to obtain the final series of data will be presented.

Prior to each rﬁn, the entire flow system was filled with water
and the water was pumped continuously through {:he constant head
tank. The pumping permitted the dissolved gases in the water to
reach an equilibrium with the atmosphere at the temperature of the
reservoir. To obtain the desired temperature, the constant temw.
perature bath was either heated electrically or cooled with ice. The
pumping process was continued for a minimum of one hour to allow
equilibrium to be reached. After pumping for one half hour at a
given temperature, no further change in oxygen concentration
occurred as determined by the oxygen analyzer. Thus, the concen-
tration of oxygen and nitrogen in the reservoir was set by the tem-
perature in the constant temperature bath.

The detector heaters of the gas chromatograph were turned on
several hours prior to each run, After a two hour warm up, no
noticeable drift of the recorder took place. The induction heater's
cooling water and the filament power were turned on one half hour
prior to each run with the warm up period allowing complete vapor-
ization of the mercury in the rectifier tubes. The atmosphéric pres-

sure was measured with a mercury barometer.
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Immediately prior to each run, the temperature recorder was
zeroed by placing a mercury thermometer and an extra thermocouple
in a water bath. The zero control on the recorder was varied to
adjust the recorder temperature to equal the temperature shown on
the mercury thermometer. |

The oxygen analyzer was calibrated by placing the probe in a
.standard solution of oxygen in water. This standard solution was
prepared by bubbling air through distilled water for at least 24 hours
which allowed the atmospheric oxygen to be at equilibrium with the
water. The concentration of oxygen in the water was obtained from
equilibrium data (2) for an atmospheric pressure of 740 millimeters
of mercury and for the temperature of the water. The apparatus
was calibrated for 740 millimeters because it is the approximate
atmospheric pressure in the laboratory. The atmospheric pressure
variations in the laboratory were less than 2% of the 740 millimeters.
The temperature of the standard solution was measured by the mer-
cury thermometer, and the oxygen analyzer temperature compen-
sation control was set acco‘rdingly.

The cooling water gor the heat exchanger and the burette next
was turned on. The temperature of the collected non-condensables

was approximately the temperature of the cooling water.
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Each run was begun with the system completely lilled with water.
Initially, there was no water flow in the test section. The induction
heater was turned on and a small amount of power was applied to
the sphere. After a minute, film boiling began on the upper portion
of the sphere and within ten seconds the film covered the entire
sphere. There was no difficulty in starting film boiling on the sphere
when sufficient power was used. Next, the [low control valve was
opened and adjusted to give the desired rotameter reading. The
power control of the induction heater was advanced to produce the
desired surface temperature. The grid control of the induction
heater was adjusted simultaneously to keep the grid current within
the limits prescribed for the induction heater (0.4 amperes to 0. 6
amperes).

The surface temperature of the sphere was measured several
times during each run. The surface temperature recorded was an
average of readings taken., The rotameter reading was observed
during the experiment to ascertain that it remained constant. At the
lower flow rates oscillations in the flow rate were noted, and if
these oscillations were present, an average flow rate wa‘s recorded.
These oscil‘lations were approximately 0.1 milliliter per second

from the average flow rate.
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When approximately five milliliters of the non-condensables had
been collected in the burette, the exact volume was recorded. Also,
the pressure on the manometer was recorded and the stopwatch was
started. Approximately half-way through each run, the temperatures
were recorded. These temperature measurements were taken at
the inlet and outlet of the test section, inside the burette, and in the
‘reservoir.

Prior to the termination of each run, the volume of non-conden-
sables collected was recorded along with the manometer pressure.
Simultaneously, the stopwatch was stopped. Next, the induction
heater was shut off. The volume collected in the burette was
recorded. After a ten minute period this volume again was recorded.
During the run, the non-condensables could not be expected to be at
equilibrium with the water vapor within the burette, therefore, the
ten minute wait was used to allow excess vapor present within the
burette to condense and equilibrium to occur. The volume difference
waé subtracted from the recorded volume obtained when the stop-
watch was stopped. ' This correction was generally less than 1% of the
total volume.

The oxygen analys.is and the chromatographic analysis were made
after the run. The oxygen analysis was begun by blocking the Tygon

tubing with clamps at the inlet and outlet of the outlet oxygen sample
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collection flask. The valve controlling the flow through the test
section also was closed. The rubber stopper of the oxygen collection
flask at the inlet of the test section was removed. The oxygen
analyzer probe and a mercury thermometer were placed in the flask,
and the oxygen concentration was measured. The oxygen concentra-
tion in the sample collection flask at the outlet of the test section was
determined by the same method.

The non-condensables were analyzed by the gas chromatograph.
The recorder chart paper was set to advance at 4. 0 inches per
minute. The valve used to control the flow of liquid from the constant
head tank through the test section was cracked which pressurized the
gas sample in the burette. The stopcock at the top of the burette
was opened and the collected non-condensables were forced through
the sample valve. After the lines were purged with at least 10 milli-
liters of gas, the sample valve was pushed to inject a 0. 525 milliliter
sample into the chromatograph. The pen of the recorder was then
lowered into position and the trace r?corded. This procedure was
repeated Va second time to provide a duplicate trace. The area under
the chromatogram was determined by counting the squares under the

curves, and the average for the two traces was recorded. In most

<

cases, the differences in the chromatogram areas were less than 3%
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of the average. The error was largely a result of inaccurate count-
ing of the squares.

The above procedure resulted in nineteen measured values which
are listed in Table 2. This table also includes the range of these

values and an estimation of the error in the recorded value.
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CHAPTER 1II

DERIVATION OF HEAT TRANSFER RELATIONSHIPS

The physical situation investigated experimentally has been
described in Chapter I and shown in Figure 2. By simple energy
and material balances, equations were derived which can be used to
predict the rates\ of heat transfer and the composition of the vapor
film which were encountered in the experiments. Equations (A-27)
and (A-31) of Appendix A which were derived by Kobayasi (39) (31) (40)
and Witte (69) do not take into account the effects of subcooling of the
liquid, mass transfer of a dissolved gas into the film, and chemical

reactions at the wall. However, these effects were present during

the experimental runs.

Energy Balance

The physical situation was modeled as shown in Figure 8. On the
lower half of the sphere, vaporization occurred and heat was trans-
ferred to the liquid. Half of the wéy up the s;;here,' the average tem-
perature of fhe liquid was T and the liquid mass flow rate was wj.
At this position, the vapor flow rate was w5, The numerical sub-
scripts refer to positions in Figure 8. Diffusion of dissolved gases
into the film occurred on the lower half of the sphere. On the upper

half of the sphere, the vapor condensed and caused further heating
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Figure 8. --Model of subcooled film b'oili.ng with
no vapor leaving the film.
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of the liquid. At Point Number 7 the condensed vapor and the 'hot"
liquid from Point Number 4 mixed. However, the non-condensables
were collected and did not redissolve into the liquid.

Two energy balances were made; the first was made between
Points 2 and 3 and Points 4 and 5, and the second was made between
Points 4 and 5 and Point 7. The following equation is a general state-

ment of an energy balance between Point A and Point B({33) :

2 2
u u

B
+PA VA+q- W:EB+yB e +PBVB (3-1)

EA+yA + T 7g

where W represents mechanical work. Since very little change in
elevation occurred in going from Point Number 2 to Point Number 7
in the apparatus the y, term may be neglected. The velocities
invol;/ed were small enough that the kinetic energy term also may be
neglec‘ted. The pressure and the density remained constant, and no
mechanical work was done on the system. It was previously assumed
that no heat transfer from the sphere occurred above Point Number 2
and it may be assumed that the system was adiabatic; therefore, ''q"
is zero in the above equation. The above equation then may be re-

written as

E = E (3-2)
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If Point A represents Points 4 and 5 in the model, and il Point
B represents Point Number 7, Equation (3-2) may be written for

the mixing as

(Tg - T,) + wye (T, -Tg) = 0 (5=3)

%5 %51 V5 4% 11 Ta =T

since wo, equals W and Wy The heat capacities were assumed

to be constant in the above equation and there was assumed to be no

phase change.

Before mixing, the condensed liquid was at its saturation

temperature, there fore Equation (3-3) may be rewritten as

W Ty~ T = T -T 3-4
;M- ) = w (F,-T) (3-4)
which may be rearranged as
W5
T = T -~F2I34T (3-5)
4 T = 7
Wa

The above equation relates the outlet temperature to that at Point 4.
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If the dissolved gases are present in the liquid in dilute concentrations,

then

i

w3

In the film,
W o= omw, (3-7_)

where m, is the mass fraction of water vapor present in the film.

Then,

o (3-8)
and by combining Equations (3-5) and (3-8)
s rnk
T, = T (T_7 - TS) + "If'.7 (3-9)

A

An energy balance may be written for the condensation’process

occurring in the upper half of the sphere as follows:

J J
W, T2 Z m, Cp, v, i~ V2 Ts Z m, ‘p. oi Ty w27\
1:k 1:k
wa Cp,lT4 - W, CP‘IT3 (3-10)
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where the subscripts izk+1 to j refer to the species of non-
condensables and A is the latent heat of vaporization at the saturation

temperature. The above equation may be rewritten as

W J
2 [

3 [ k Y %p,v,1 (T2 - Tg) # 7‘"‘1(] = &5,1 T4 - T3) (3-11)
i=

By combining Equations (3-9) and (3-11)

W, j
‘—N‘"’“[E m, Cp, v,i(Tz T ) + 7\n1k]
3 Li=k

e W2
= Cp 1[——W3— (T7 « Ts) + T7 = TS] (3-12)

This may be rewritten as

WZ Cp,l (T7 = T3)

e iz (3-13)
[ . “p.v,i™ (Tg = Tyl o & 1 4Tg - Ty) + mk"]
y et

Now, X’ is defined as

J

14

X = 'chp g m (Ty - T ) fay + ey 3 (Ty - To) +A (3-14)
1=
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The X used in the above equation is similar to the XN uscd by
Bromley (9) in Equation (A-3). However, the above X' contains an
additional term to account for the subcooling of the liquid. The other
terms used above and also used in Bromley's N account for the heat
of vaporization and for the superheating of the vapor.

By combining Equations (3-13) and (3-14),

W, c 1(T7 - T3)

A P,
m = (3-15)
k W3 NG

The density in the film was assumed to be constant at the average

temperature of the film and assumed to be defined by

p. (3-16)

J
2y, v i, v

izk

where % v is the mole fraction of the species " in the film,
The heat transfer coefficient was derived by using the coordinates
shown in Figure 9. It was assﬁmed that -vaporization occurred in the
region - 8 < w/2 and that condensation occurred in the region
n /2% §< ™ ., It also was assumed that the film thickness, § ,
was constant on the lower half of the sphere and was much less than

the diameter of the sphere. At 8 = m/2 the following assumption

was made



Numbers are as used T

in Figure 8. /

Figure 9. --Coordinate system used for obtaining
heat transfer coefficient for subcooled film boiling on a
sphere.
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E =] ]./2 U " (3-1?)

where u was the average vapor flow velocity. This assumption was
based on the film thickness being much less than the diameter of the
sphere; therefore, at w /2 the vapor flow was similar to the flow
between two parallel plates, one of which was made in such a way

that there were no free convection effects present. Now,

wzzﬁ'er ) PV (3-18)
and
2w
&
§ = Emmmm———u (3-19)

If by definition

PN 3 (3-20)
T -T
7 1
then Equation (3-15) becomes \
W c r (T, - T))
2, g Buk Lo (3-21)
w m, X’
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By substituting Equation (3-21) into (3-19),

2w c (T_ -T.)
§ 5 ——rt B (3-22)

”
T AND Pv U, T

or

2qATr
6 = s (3-23)
™ AD Pv u, rnk
As an approximation,
J
kv = Z ki, v xi, v (3-24)
i=k
where k. is evaluated at the average temperature of the film and
1,
h = kV/,S (3-25)

where ''h'' is the local heat transfer coefficient at 8§ = »/ 2. Since
it has been assumed that the film thickness is constant over the lower

half of the sphere, then
h =k /5 (3-26)
v

where h is the average heat transfer coefficient, and
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q =h AT (3-27)
where
AT = T2 - ’I‘S (3-28)
The area of the sphgre is determined by
A == D? (3-29)

Substituting Equations (3-23), (3-27), and (3-29) into Equation (3-26)

yvields
1/2
1 [k p Nu,m
e o0
R ke (3-30)
V2 D AT 7
In terms of the average Nusselt number, this is
Nu m 1 f(pp) Pr X'm 1/2
LI S A . (3-31)

. B =
"ReD ul 2 \(p p)l Cp, - AT .7

The above equation is similar to the equation ‘obtained by Kobayasi
(39) (31) (40) and Witte (69), Equation (A-31). However, the above
equ'atio‘n contains the subcooling parameter, 7 , and the water con-
centration in the fili:n, m_ . The constant in the above differs slightly

k

from that of Equation (A-31), because of the assumption that the film
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thickness is constant over the lower half of the sphere. Based on
Bromley's data for forced convection film boiling around horizontal
cylinders, Witte suggested a constant of 2.7, Because of the sub-
cooling, X'in the above equation also is slightly different from the A
suggested by Wittel.

From Equation (3-21)

”

wz)\ = qA T/mk (3-32)
Then,
T= msz)\/q-A- (3-33)
or
q- ql
e (3-34)
q

where ql is the heat transferred from the liquid-vapor interface into

the liquid. By rearranging Equation (3-34),

q = (1-7)q (3-35)

If q is defined as



h1 = c_|1 /ATl (3-36)
where
AT =T -T .
1 . - (3-37)
then
hy = 2(1-7)q/ A".l_"1 (3-38)

The factor of 2 is the result of the assumption that the heat transfer
to the liquid occurred only on the lower half of the sphere; whereas,
""q"" was evaluated for the entire sphere. In terms of the average

Nusselt number this becomes:

2(1-7)gDb
Nu = (3-39)
D,1
k1 ATl
or
Nu k, AT,
1
T=1 - =l _1 K (3-40)
2Dh AT

The transfer of heat into the liquid from the liquid-vapor inter-

face was independent of the vapor properties and the wall temperature.
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Therefore, the following could be expected:

NuD,1 = f(ReD, Prl) (3-41)

The form of the functional relationship would be

—_— - -

NuD’1 = @ ReD Pr1 (3-42)
for a situation in which the liquid extends to infinity in all directions
as described by Garner et al.(26). The letters ¢, m, and n desig-
nate constants in the above expression.

In the case investigated experimentally, the functional relation-
ship of the Reynolds and Nusselt numbers may not have been this
simple. The addition of a geometric factor may be necessary.

Equation (3-40) may be rearranged as

£ (ReD ) Prl) Cp, 1 ATl Pr || #

= om L E ‘ _ hi (3-43)

m
NuD Cp, - AT Pr1 1

Equation (3-43) expresses 7 as a function of NuD, and Equation

(3-31) expresses NuD as a function of 7 . If these two equations are

solved simultaneously, either NuD or v may be found as a function of

the following variables:



(pu) ¥ m
Re_ , _“V, A Pr , % 5 Prl,

v -

H (pw) 5,1 AT
c AT Pr
p:]- 1 v
c AT Pr
s V 1

These are the same parameters used by Cess and Sparrow (14) to
describe subcooled forced convection film boiling on a flat plate. An
exception to this similarity is that the effect of dissolved gases are
taken into account by the presence of m, .

If the degree of subcooling of the liquid is very large, then

0< » << 1 (3-44)

and

f (Rep 1, Pr) Kk AT,
0 = 1- (3-45)
2h AT D

By rearranging,

'h = : , (3-46)
2D AT

In other words, heat transfer is governed by the liquid parameters

and the liquid temperature difference, although a film may be present.
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Material Balance

A material balance may be used in determining the concentration
of the vapor film; if the assumpt‘ion is made that the gases within the
film are at equilibrium with £he liquid. If the liquid is bounded ;:xs it
was in the apparatus, an equilibrium may exist. If the liquid extends
to infinity, the time required for diffusion of the dissolved gases to
the liquid - vapor interface will be much greater than the time re-
quired for the liquid to move past the sphere. In this case, an
imaginary boundary layer thickness may be used. For the purpose of
this discussion, it will be assumed that an equilibrium exists between
the gases in the film and their average concentrations in the liquid.

If Henry's law applies to this equilibrium, then
P. = x H (3-47)

where P  is the vapor pressure of the dissolved gas and H  is a
J ] J
proportionality constant. The subscript 'j' refers to the gases
|
other than the solvent, water.

If

P =
atm :

J
Pi (3-48)
1=k

and if the mole fractions in the film are proportional to the partial

pressures, then
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X =

P H
5.3 = %,z Fawm 1By

where the numerical subscripts refer to points in Figure 8.

(3-49)

If none of the non-condensables in the film are redissolved into

the liquid, then

and

Ng¥,a = Noxg,7

where N is the molar flow rate. Since
N6 << N7
then

N7:N2+N3

Substituting Equation (3-53) into (3-51) yields

N> |
X, = + 1)=x,

N s

(3-50)

(3-51)

(3-52)

(3-53)

(3-54)

If at this point there are no chemical reactions in the film or at

the wall, then the following will be true:
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N1 xj,l = N2 xj’2 + N3 xj’3 (3-55)

and

N, = N, + N (3-56)

By substituting Equations (3-49) and (3-56) into (3-55),

= c (3-57)
Xj, 1 i & N3 Patm
NZ Hj

By combining Equations (3-49) and (3-57), the following is obtained:

X (1 + N, /N,)
- b B (3-58)

(N3 / NZ + Hj/Pa.tm)

If the equilibrium is reached on the lower half of the sphere, then

xj’.3 = xj’4 (3-59)

If Equatio‘ns-(3—54) and (3-59) are substituted into (3-58), then

X. ‘(1+N/N)
o ¥’ 2 (3-60)

(N2 /N3 + 1) (N3 /Np + Hj/ )

Pa tm
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Since

= f
N2 << N3 (3-61)
the following results
xJ.’ 7 1
= (3-62)
X, Bz &
j» 1 1 & e
N3Patm

The above equation relates the inlet and outlet concentrations of a
dissolved gas with the ratio of the molar flow rates in the vapor and
the liquid. It has been assumed that the diffusion of dissolved gases
is instantaneous; therefore, the gases in the vapor are in equilibrium
with the dissolved gases in the liquid. It also has been assumed that
no chemical reactions took place anywhere in the system.

The Henry's law constant in Equation (3-62) depends upon the
saturation temperature, which in turn depends upon the vapor pres-
sure of the water vapor in the film. Since gases other than water

vapor may be present, the saturation temperature could be lowered.

The total pressure is related to the partial pressures by

J
1=



8.

If the Clausius - Clapeyron equation applies, then

din B
koo A (3-63)
d1/T, R
or
" 1 ]
18 [Pk/(l atm.)]: - (3-64)
R \Tgp Tq

where TBP is the normal boiling point. If the total pressure in the
[ilm is one atmosphere and the mole fraction equals the partial pres-

sure, then

X o5 = Pk/ (1 atm. ) (3-65)
and
1
Uy 1 _ . Rlnx_, (3-66)
BP A
Because
Hj = f(Ts) (3-67)

Equations (3-48), (3-62), (3-66), and (3-67) must be solved simul-

taneously.
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Chemical Reactions

| Chemical reactions may occur either homogeneously within the
film or heterogeneously at the wall. During the experimental runs,
only the lat‘ter was apparent, and therefore, only the heterogeneous
reactions will be discussed.
Partridge and Hall (53) suggested that a steam -iron reaction may
occur iﬁ boilers, if film boiling occurred. The reaction which they

suggested could take place is
3Fe + 4H2.O —»Fe; Oy + 4H,

Therefore, hydrogen could be produced at the wall during film
boiling on an iron surface.
Additional reactions could occur when large amounts of oxygen

are present in the film. A possible reaction is
3Fe + 20_—#®Fe_ O
© 2 ®3™a

Other iron-oxygen reactions also could be'present.

The reaction ofva gas with a sphere in a similar geometry was
investigated by Campagne (11). He suggested a system similar to
that used here, as a reactor with rapid heating and quenching.
However, his experiments dealt only wifh a single gas phase and not

a two phase boiling situation.
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The rates at which the reactions occur may be determined by

- AE/RT )
NR,i o ko(e " f(xi) (3-68)

where NR is the molar quantity of component ''i'' reacted. One
method of incorporating the chemical reactions into the material
balances is by assuming that the reactions occur in a narrow bound-
ary layer at the wall and that the reaction does not effect the Henry's
law equilibrium. The following will govern the rate of collection of

the non-condensables:

N6 Xj, 6 = Nl X},l i N7 Xj, 7 = NR,, jA. (3-69)

By substituting Equation (3-62) into (3-69),

1

Ng Xj, g " Ny x5 1 - N HJ - NR,jA (3-70)
1+
Il3 patm

The preceeding energy and material balances must be combined

with the kinetic expression to predict the outcome of the experimental

runs.
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CHAPTER 1V

RESULTS OF THE EXPERIMENTAL INVESTIGATION

Nineteen parameters were measured during each test run of the
final series of runs. The data were reduced to determine whether or
not the theory outlined in Chapter III adequately described the pheno-
mena. The raw experimental data for the final series of runs are
tabulated in Appendix F. The Aresults of the first series of runs have
been published elsewhere (35) and are presented in Appendix J. The
reduced final data are tabulated in Appendix G; for convenience,
these results are also presented graphically in this chapter.

There were ninety - one experimental runs in the final series,
Table 3 lists the size spheres used and other miscellaneous informa-
tion regarding these runs.

The data were reduced in three steps. First, the volume of the
collected non-condensables was determined. Secondly, the composi-
tion of the non-condensables was determined. Lastly, the overall
heat transfer coefficient was determined, Because gases other than
water vapor were present in the film, the composition of the gases
in the film had to be known as a prerequisite to determining the heat

transfer coefficient.
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TABLE 3

OUTLINE OF FINAIL SERIES OF RUNS

Sphere
Run No. Diameter Comments
(inches)

1-34 & 45-68 142 Runs were made at various
conditions using stainless
steel spheres.

34-44 1/2 Runs were made at high
temperatures using gold
plated spheres. See
Appendix D.

69-76 9/16 Runs were made at various
conditions using stainless
steel spheres.

77-90 5/8 Runs were made at various
conditions using stainless
steel spheres.

91 1/2 Run was made using a gold

plated sphere to determine

the effect of gold on elimi-

nating the hydrogen genera-
tion. See Appendix C.
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Collected Non-Condensables

The reduction of the data was begun by determining the final and
initial volumes of the gases in the burette. The burette was cali-
brated and the burette scale was found to be accurate when the burette
reading was increased by 2. 1 milliliters.

The final burette reading was determined by subtracting the
following correction for non-equilibrium. Since the gases in the
burette at the end of the run may have been supersaturated with water
vapor, a volume reading was made at the end of the run, VH, and

another was made 10 minutes folowing the run, V This 10

cool’
minute waiting period was used to allow the excess water vapor
present to condense. The volume difference resulting from condensa-
tion was subtracted from the volume recorded when the stopwatch was
stopped. In all cases, this correction was less than 2% of the final
volume. The corrected initial and final volumes are tabulated in
Table 12 as V,” and V.
The final and initial pressures of the gases in the burette were
determined from the height of the water and mercury columns and
from the atmospheric pressure in the laboratory. Figure 10

illustrates the relative positions of the burette and the mercury mano-

meter. The burette scale read in both milliliters and centimeters.
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Thus, the same scale was used for the determination of the volume

and the water column height.

The prés sure in the burette was equal to the atmospheric pres-
sure, plus the h;ight of the mercury column, minus the height of the
water column divided by the specific gravity of mercury. The height

of the water column was vy + £ and the height of the mercury column

was 2% . The total pressure inside the burette can be expressed

by
P [4)
28 - v+ 5 (b,0/ fg)
B ow Pl * : (4-1)
76 cm.
where
y = (53.5 cm. - burette reading in centimeters) (4-2)

The pressure, P, is atmospheres and the manometer reading, ¢ ,
is in centimeters of mercury and is listed in the data. The above
formula was used to calculate the initial and final preSsulies ranging
from 0.917 atmospheres to 0. 966 atmospheres which are tabulated in
Table 12. |

The collected non-condensables contained water vapor. Assuming

that the gases were saturated with water vapor, the partial pressure

of the water vapor depended on the temperature of the collected gases.
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These vapor pressures were obtained from the Handbook of Chemistry

and Physics (32) and are listed in Table 12, The water vapor pres-
sures. were in all cases approximately 3% of the total pressure.

Because it was necessary to know the rate of collection of non-
condensables per kilogram of water boiled, the rotameter readings
were converted to grams per second by using Figure 5. The total
volume of water boiled was found by multiplying the flow rate by the
time. The rotameter reading ranging from 0.43 grams per second
to 3.37 grams per second and total volumes boiled are tabulated in
Table 12,

The volumes were converted to a standard temperature and
pressure (0°C and 1 atmosphere). The volume difference, final
minus initial, was then divided by the total water flow and multiplied
by the fraction of dry air. The resulting collected volume per kilo-
gram of water boiled is listed in Table 12, These collected volumes
per kilogram of water boiled ranged from 6. 84 milliliters to 1230.

milliliters.

Composition of Non-Condensables

Since the oxygen analyzer was calibrated for an atmospheric pres-
sure of 740 millimeters of mercury, a correction of the measured

oxygen concentration was made. The measured values were
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multiplied by the atmospheric pressure and divided by 740 milliliters
of mercury. Because the analyzer meter reading was directly pro-
portional to the oxygen partial pressure and the oxygen partial pres-
sure was directly proportional to the atmospheric pressure, the
correction could be expected to yield an accurate measurement of the
oxygen concentration.

The concentration of dissolved air was determined by finding an
equilibrium reservoir temperature using the inlet oxygen concentra-
tion. The measured reservoir temperature was not used since tem- |
perature variations between the reservoir and the constant head tank
may have resulted in an equilibrium at a temperature other than that
in the reservoir. The equilibrium temperature was found by using
the original inlet oxygen concentration and Figure 11 (2). This
equilibrium temperature was compared to the reservoir temperature
to check for gross errors in oxygen concentration measurement. In
all cases, these temperatures were within 5C©°. The equilibrium
temperature was used with Figure 12 (32) to find the concentration of
dissolved air. The concentration of dissolved air was multiplied by
the atmospheric pressure and divided by 740 millimeters of mercury
to compensate for atmospheric pressure variations as was done with
the oxygen measurements. The corrected air and oxygen concentra-

tions are tabulated in Table 13. 1In all cases, the dissolved air
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consisted of approximately 1/3 oxygen by volume.
The ratio of the molar flow rate in the film to the molar flow,

rate in the liquid was determined by

5.
, 1 1
J = —"N"— H (3"62‘)
*5,1 1 % i sl
N3 Patm

The use of the inlet and outlet oxygen concentrations implies that any
chemical reaction of oxygen at the wall did not effect the equilibrium
at the vapor liquid interface, The Henry's law constant was evaluated
at the normal boiling point and was found to be 70, 100 atmospheres
(54). The lowering of the boiling point did not effect the value of the
Henry's law constant, because the constants tor oxygen, nitrogen and
hydrogen are approximately constant over the range of 70°C, - 100°C.
This is evident for oxygen by examining Figure. 12.

The inlet oxygen and air concentrations and the outlet oxygen con-
centrations were converted to mole fractions. The inlet nitrogen
mole fraction was found by subtracting the inlet oxygen mole fraction
from the inlet air mole fraction. Thus, the nitrogen mole fraction
actually is the mole fraction of "atmospheric nitrogen', since it
includes dissolved inerts. Next, the outlet nitrogen concentration

was found by Equation (3-62).
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The oxygen and 'atmospheric nitrogen'' concentrations in the

film were found by

wy g = Xj,zpatm/Hj (3-49)
A value of 126, 000 atmospheres was used for HNZ (54). The deter-
mination of the hydrogen concentration in the film required reduction
of the chromatographic data.

The composition of the collected non—condens.ables was calculated
from the gas chromatoéram areas using the calibration constants
given in Appendix E.

The number of molgs of oxygen and nitrogen collected per mole of
water which flowed through the test section during each run was cal-
culated using the ideal gas law. An oxygen balance was made by sub-
tracting the mole fraction of oxygen at the outlet and th-e number of
moles of oxygen collected per mole of water which passed through
the test section from the mole fraction of oxygen at the inlet, The
diffefence found was the number of moles reacted per mole of water.
11; is listed in ’I‘able 14 as the number of moles reacted per mole of
oxygen in the film.

The molar ratio of oxygen to nitrogen in the collected non-con-
densables was calculated for each run using the chromatographic

results. This ratio also was calculated using the film concentrations
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obtained from Equation (3-49). These values are tabulated in Table
14 as OZ/NZ (exp.) and OZ’!NZ (th.) respectively. In most cases,
these two values were within 15% of each other.

The mole fraction of hydrogen in the film was calculated by
assuming that the ratio of the mole fraction of hydrogen to the mole
fraction of nitrogen in the film was equal to the ratio of the mole
fraction of hydrogen to mole fraction of nitrogen in the collected non-
condensables., The mole fractions of nitrogen and oxygen in the film
calculated by Equation (3-49) and the mole fraction hydrogen in the
Vfilm are listed in Table 13. The remaining mole fraction was water
vapor; in most cases, this mole fraction was between 0.5 and 0. 8.

The percentage of oxygen removed by the boiling was calculated

by

on,

o

%O2 removed = [l -—0 o |x 100% (4-3)
xX
02, in

The above. equation considgrjs that any reaction of oxygen occurs
after the equilibrium takes place;

The rate of hydrogen production at the wall was calculated by
assuming that the water at the outlet of the test section was at equili-
brium with the hydrogen in the film. This differs from the assump-

tion made regarding oxygen reaction at the wall. The oxygen reaction
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was assumed to have no effect on the Henry's law equilibrium. Since
the hydrogen generation reaction appeared to be faster than the
oxygen reaction, since the hydrogen diffusivity is higher than the
oxygen diffusivity, and since the diffusion driving force is greater
for hydrogen, the hydrogen was assumed to be at equilibrium with
fhe Tgwid nhese,

The Henry's law constant used for hydrogen was 75,000 atmo-
spheres (54). The rate of production of hydrogen per mole of water
passing through the test section is given by the following:

N3 NZ XZ’ H, X3 1

N = + A (4-4)
" N3 Hy

2

where the subscripts "2'" and '"3" refer to the vapor and liquid
phases respectively. The natural logarithm of the rate of hydrogen
generation was calculated and is listed in Table 14 along with the
percentage of oxygen removed and the percentage of oxygen reacted.
The range of oxygen removed was between: 33‘70 and 90%. The
natural logarithm of the hydrogen generation rate which ranged up to
-10. 6 also is plotted for various conditions in Figures 13 through 17
as a function of the reciprocal of the absolute wall temperature. The
wall temperature ranged between 743°C and 1143°C, These figures

illustrate that the logarithm of the hydrogen generation rate increases
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linearly with increasing temperatures. The scatter in the data is
discussed in Appendix B, "Error Analysis', and in Chapter V,
"Conclusions of Investigation'. The results of the rate of hydrogen
generation on gold plated spheres are discussed in detail in
Appendix D.

Data for a steam-carbon steel reaction have been published by
Potter et al. (56). Their results showed that the reaction has an
activation energy of 23. 2 kilocalories per gram-mole. Their reaction
rates have been plottﬁ\ad as a function of the reciprocal absolute tem-
perature in Figure 18. In their experiments the temperature varied
between 800°F and 1200°F.

Data for an oxygen-mild steel reaction have been published by
Potter et al. (57). These reaction rates were plotted as a function
of reciprocal absolute temperatures in Figure 19. The temperatures
used in this investigation ranged from 500°C to 1200°C. These

results indicate that this reaction has an activation energy of 22.9

kilocalories per gram-mole.

Heat Transfer Coefficient

The overall heat transfer rate convective and conductive heat

transfer was determined by the following:
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we, 1 (T, - Ty
q. = e )- q, (4-5)

To find an approximation of the rate of radiative heat transfer, the

following equation was used:
g, = O lE_~~F.) (4-6)

The above formula is valid if the wall of the sphere and the liquid are
black bodies.
The overall heat transfer coefficient for convective and conductive

heat transfer was calculated by

‘1’—1 = _—--C (4'7)

The above heat transfer rate and heat transfer coefficient are
tabulated for Runs Number 1 - 90 in Table 15 of Appendix G; the
heat transfer rate for Run Number 91 is discussed in Appendix C.
The heat transfer coefficients were found to vary from 0.26 to 5.3
calories per square centimeter-second-°C.

Next, r was found from Equation (3-30),



A s

- %
h = 2.7 (3-30)
DAT-
where
k, = ¥, k, % o (3-24)
izk ’
and
J
pv = Z xi,V pi,v -16)
i=k
and
“ j '
A= Z Cp,V,imi (Tz-Ts)lrnk = Cp,l(T7_TS)+A (3-14)

i=zk

The constant used in Equation (3-30) was 2.7 as suggested by Witte

(69).
The values of ki were obtained from the following:
, vV
T, - 100°C
%* 2 o
k. = k. 1 + a |[———o——])+ 100°C (4-8)
i, v i i 2

The values of ki and o were obtained from the International

Critical Tables (51) and are listed in Table 4. The values of p

were obtained from the ideal gas law using an average film
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temperature. The values of Sp, v, i used also are listed in Table 4.

The value of u, was obtained from the following:

e = = (4-9)
'}(th - DZ)Pl

where Dt is the diameter of the test section.

The saturation temperature was calculated from

T - (3-66)

The values of the experimentally obtained heat transfer coefficient,
the saturation temperature, the percentage heat transer by radiation,
and the subcooling parameter, r, are tabulated in Table 15, The

: -4 -2
subcooling parameter ranged from 6x10 to 3x10 .

. The Reynolds number for the liquid flow was calculated by using

the following approximation for the liquid viscosity (66):
By = (0.814 - 0.0053 T,) cp. (4-10)

The values of the subcooling parameter, 7, have been plotted as a
function of the Reynolds number in Figures 20 through 23, The

points plotted are those at which the sphere surface temperature was
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approximately 750°C. It may be seen that for large Reynolds
numbers r increases rapidly, This is a result of a breakdown in
the model at low Reynoids numbers. There were bubbles leaving the
film at th‘ese low Reynolds numbers because there was insufficient
cool liquid to condense the bubbles.

Equation (3-21) was used to calculate the mass ratio vaporized;

wz Cp,l (TO - Tln)
= (3‘21)
&
Wy m, A
Then, the mass ratio was converted to a molar ratio.
The Nusselt number for heat transfer from the vapor-liquid
interface to the liquid was obtained from the follbwing:
S 2(1-1r¢) q. D
u = 3-3
D1 T o (3-39)
1 1
where
ATl & TS - T, (3-37)

The values of kl were obtained from the International Critical

Tables (51). i
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The liquid Prandtl number and the Reynolds number - Prandtl
number product were computed. These values plus the Nusselt
number for the heat transfer into the ‘liquid, the Reynolds number for.
the liquid, and the fraction of the liquid vaporized are tabulated in
Table 16. The Reynolds number varied between approximately 60
and 700; the liquid Prandtl number varied between approximately
1.7 and 2.4.

The validity of the following relationship was checked by plotting

NuD, ] asa function of the product RepPr;:

NuD,l = f (ReD, Prl) (3-41)

As illustrated by Figures 24, 25, and 26, a good linear correlation
exists between NuD’ 1 and the product, ReDPrl. This correlation is
discussed in greater detail later in this chapter.

All of the experimental data were not used in these figures, since
many runs were made at duplicate values of the Reynolds number-
Prandtl number product. The correlation is different for the various
diameter spheres, but no attempt was made to find a geometrical
factor to correlate the difference. The geometry is compiex an:

spheres of only three diameters were used in the experiments., The

dependence on the liquid Prandtl number could not be determined
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accurately since the Prandtl number was approximately constant in

all cases,

The applicability of the following equation was examined:

"o : (3-62)
xj in 1+ ——-———NZ Hj
N3 Patm

The above equation was rearranged to yield the percentage of oxygen

removed,

1
%O, removed =1 - B x100% (4-11)
1 + 2 O,
N3 Fotm

Equation (4-11) resulted in the solid lines in Figures 27 through 30.
The data points in these figures were obtained by plotting the per-
centage of oxygen removed determined by the oxygen measurements
using Equation (4-3) as a function of the mole ratio vaporized deter-
mined by the heat transfer measurements using Equation (3-21).
Only the points in the region in which the model was valid were
plotted. The points plotted are those on the constant r portions of
Figures 20 through 23. For the points plotted, the percentage

oxygen actually removed was within 20% of the theoretical percentage,
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and in most cases, the percentage actually removed was within 10%
of the theoretical percentage. Therefore, it was concluded that the
heat transfer results may be used to give an acceptable indication of
the quantity of oxygen removed during highly subcooled film boiling.
Although the model considered in Chapter III was quite simple, the
model has been shown by Figures 27 through 30 to yield consistent
results for runs in which the vapor condensed before leaving the

film.,

Discussion of Results

During the experimental runs non-condensables were removed
from the boiling water. These non-condensables were analyzed with
a gas chromatograph and found to contain oxygen, nitrogen, and
hydrogen. By using the equations described in Chapter III, the com-
position of the film was obtained. The error analysis given in
Appendix B indicated that the error in measuring the concentration
of the oxygen was less than 9%; however, the error in measuring
the concentration of the nitrogen and hydrogen in the film was as
much as 15% and 21% respectively.

Since the error in the calculated rate of hydrogen production may
reach a maximum of 47%, there could be scatter of the points in a

plot of hydrogen generation rate versus reciprocal absolute
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temperature. The rate of the surface reaction depended on the
conditions of the surface. For example, during Run Number 77 a
crack developed in the sphere and a local 'hot spot' appeared near
the crack. An unusually large hydrogen concentration was present
during this run; as a result, the datum point was not used in any
figure., The lack of accuracy in the calculation of the hydrogen
generation rate and the dependence of this rate on surface conditions
resulted in the scatter of the points in Figures 13 through 17. Runs
14 and 34 had hydrogen generation rates which were more rapid than
the molar flow rate in the film. In these cases, it was assumed
that the film was composed completely of hydrogen. An exact
determination of the molar flow rate was difficult, since the rate of
vaporization almost equaled the rate of reaction of the water vapor.
The results of the investigation of the hydrogen generation using
type 440 stainless steel spheres were used to obtain values of the
activation energy which was defined in Equation (3-68). The activa-
tion energy had an average value of 85 kilocalories per gram-mole.
This average was weighted by the number of points in the figures
used to obtain the individual activation energies. The activation
energy obtained fIiom the experiments of Potter et al. (56) using

carbon steel, Figure 18, is 23. 2 kilocalories per gram-mole. The
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above difference in activation energy probably results from the
differences in the steel type.

Run Number 91 as discussed in Appendix C was made with a gold
plated sphere at a surface temperature of 869°C. No hydrogen was
detected in the collected non-condensables. Since hydrogen was
détected in all other runs made with surface temperatures in excess
of 770°C using a stainless steel sphere, it was concluded that the
gold prevented the formation of hydrogen. In addition, it was con-
cluded that the hydrogen generation reaction occurred heterogeneously
at the wall, rather than homogeneously in the film. Appendix D
discusses in detail the effect of a varying concentration of gold on the
sphere surface.

Table 14 indicates that there was no discernable trend in the rate
of chemical reaction of oxygen with temperature. The error in
measuring the amount of oxygen reacted appears to be greater than
the amount of oxygen reacted. As a result, no plots of the rate of
oxygen reaction as a function of reciprocal absolute temperature
were made.

The following relationship has been derived in Chapter III:

, 1/2
m (pu) Pr X’
D Y= B v v A T (3-31)

D 1 . {P“)l CP’V AT 7
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The above equation was solved for r for each of the runs., The mass
fraction of water in the film, m , was obtained as previously dis-
cussed. The obtained values of r were plotted as a function of the
Reynolds number for several cases. At low Reynolds numbers, the
flow rate was not rapid enough to supply cool liquid to the upper
regions of the film. This occurred below a Reynolds number of 125
for spheres with a diameter of 1.27 centimeters, below a Reynolds
number of 175 for spheres with a diameter of 1.43 centimeters,

and below a Reynolds number of 400 for spheres with a diameter of
1.59 centimeters. As a result, the vapor dome became larger and
larger as the Reynolds number decreased until the vapor dome
reached the burette. The resulting region of instability was approxi-
mated by a straight line in Figures 20 through 23. The region in
which no bubbles left the film was approximated by a second straight
line in the same figures. It was concluded that in the region in which
no vapor left the film an accurate measurement of heat transfer was
made.

As illustrated by these figures, the error in r was not severe.
The largest sources of error in the determination of 7 were the
measurement of the mass flow rate and the measurement of the sur-
face temperature. The maximum expected error in the measurement

of the mass flow rate was 17%.
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The parameter r is related to the subcooling by

- (3-34)

where 9 is the heat transfer from the vapor-liquid interface into the
liquid, Thus, for a liquid at Ts’ 9 is zero and r is unity.
Equation (3-31) then réduces to the equation derived by Witte (69) for
a steam concentration in the film of unity.

Equation (3-43) relates r to the liquid parameters:

NuD’ 1 Cp, 1 AT, Prv] B
re 4 - — (3-43)
Nup p, v AT Pr1J 5
where
NuD,l = f(ReD, Pre) (3-41)

Thus, if the functional relationship between the Reynolds number and
the liquid Prandtl number is know, the subcooling parameter may be
calculated. However, this calculation must be done simultaneously
with Equation (3-31), because both equations contain the average

overall Nusselt number.
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The functional relationship between the Reynolds number-liquid
Prandtl number product and the average Nusselt number for heat
transfer into the liquid has been investigated with the result of
Figures 24 thfough 26. The correlation is linear as shown in the
figures. However, the error analysis suggests that large errors may
be present.

The reason for the lack of scatter in the data is apparent by
examining Equation (3-39),

2(1-7r) q.D

Nup ) = (3-39)

k, AT,

This may be rewritten as

1-1r) (th-DZ) . 5 T

N ° n Re P (4-12)
u = e r -1
D, 1 2 D™ "1
2D Ts - Tin
Since
r rw]LO'4
then
N ( t t)(R P ) o Tin (4-13)
u = [constan e Ir e ————— -
D
By 1 1 T - T
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Since the Reynolds number-liquid Prandtl number product is
plotted on both the ordinate and the abscissa of Figures 24 through 206,
these figures actually represent deviations of the following from

unity:

T - Tin
Tg - Tin
The linear plots indicate that
(To = el (Ts - Tin) (4-14)

The lack of scatter of the points in the linear plots is due to accuracy
in temperature measurement rather than accuracy in flow rate
measurement.

It was concluded that the functional relationship between the
Reynolds number, liquid Prandtl number and the Nusselt number for
heat transfer into the liquid is not the simple relationship obtained
by Sideman, Equation (A-36). This conclusion was reached upon
examining preliminary data; the conclusion is discussed fully in
Appendix J. The geometry of the test section makes the actual
Reynolds number - Nusselt number relationship difficult to obtain and

of little value for other systems. A mathematical relationship
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was not obtained; the results were left in the form of Figures 24, 25,
and 26.

The subcooling parameter is a function of the fraction vaporized
in a bounded system. Egquation (3-21) may be used to obtain the
fraction vaporized;

w Cp,l r (T7 - Tl)

= (B-21)
xl

In a bounded system with an equilibrium existing between the gases
in the vapor and the gases dissolved in the liquid, the composition of

the film is given by Equation (3-49)

S5 P
1
x. =_3 asn (3-49)

, Vv
J H.
J

The outlet concentration is related to the inlet concentration by

i, o

= (3-62)
j! ln v

1~ atm

Thus, 7 may be used to determine concentrations in the film. The
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relationship between the fraction vaporized and the percentage oxygen
removed has been obtained using the above equations and is plotted in
Figures 27 through 30. The data points represent both the oxygen
measurements ana the heat transfer measurements. The oxygen
measurements were used to determine the percentage of oxygen re-
moved; the heat transfer measurements were used to determine the
fraction vaporized. This relationship has been plotted only for the
region in which no vapor leaves the film, The points lying outside

of this region represent runs in which vapor left the film causing a
breakdown of the model. Figures 27 through 30 were made for runs
in which no vapor left the film. These figures demonstrate that the
subcooling parameter 1;nay be used to obtain an estimate of the amount
of oxygen removed during a run. This estimate will usually be within
10%. Therefore, the subcooling parameter also may be used to

obtain an estimate of the concentration in the film.
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CHAPTER V

CONCLUSIONS OF INVESTIGATION

Six conclusions were reached by analyzing the results of the
experimental investigation:

1. An experimental apparatus was designed which permitted
steady state film boiling on a sphere supported by the liquid flow.
The sphere temperature was varied from 740°C to 1140°C and the
Reynolds numbers were varied from approximately 60 to 700. It
was concluded that because the sphere temperature remained constant
throughout an experimental run, this design is an improvement over
previously reported designs featuring transient systems.

2. During the forced convection film boiling of a subcooled liquid
around a small sphere, the subcooled liquid may cause the vapor to
condense before it leaves the film. Thus, the heat transfer effects
counteract the effect of the Rayleigh-Taylor instability. This pheno-
mena was used in the film boiling of watér subcooled between 52 C°
and 72C° to facilitate the measurement of heat transfer rates.

3. If dissolved gases are present in a film boiling liquid, the
gases will accumulate in the film. In this manner film boiling w..s
used to remove up to 90% of the dissolved oxygen from water.

4. If during film boiling, the wall is composed of a material

which may react chemically with the vapor, a hetrogeneous chemical
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reaction may occur. When a steel wall is used in film boiling water,
the steel may react with the water vapor and generate hydrogen. If
the wall is composed of type 440 stainless steel, the activation energy
of the above reaction is approximately 85 kilocalories per gram-
mole, A chemical reaction at the wall may be eliminated by plating
the wall with gold.

5. Equations were developed for determining the average overall
Nusselt number as a function of the physical properties of the vapor,
the Reynolds number, the mass fraction water vapor in the film, the
temperatur e difference and a subcooling parameter, The subcooling
parameter may be found from an equation as a function of the vapor
and liquid properties, the temperature difference between the inter-
face and the liquid, and the Nusselt number for the heat transfer
from the interface into the liquid. This Nusselt number for heat
transfer into the liquid is a function of the Reynolds number and the
liquid Prandtl number.

6. If the forced convection film boiling around a sphere occurs
in a bounded system in which the gases in the film are at equilibrium
with the dissolved gases in the liquid, the subcooling parameter may
be used to find the amount of dissolved gases remaining after the

film boiling and to find the concentrations in the film.
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NOTATION

English Symbols

A

=2 N

s

. acceleration of gravity, cm. /sec.

surface area, cm. 2

chromatogram area for species ''i', relative scale.
heat capacity, cal./g.-°C.

diameter, cm.

frequency, Hz.

2

local heat transfer coefficient, cal. /sec. -cm.

average heat transfer coefficient, cal. /sec. -cm. 2 B
Henry's law constant, atm.

thermal conductivity, cal. /sec.-cm. -°C.

length, cm.

mass fraction of species '"i'\.

molecular weight of species '"i'.

molar flow rate, g.-moles/sec.

molar reaction rate, g.-moles/sec. -cm. 2

partial pressure, atm.

total pressure, atm.

heat transfer rate, cal. /sec. -cm. E

spacial coordinate, cm.

radius, cm.
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t time, sec.

u velocity in x direction, cm. /sec.

u average velocity, cm. /sec.

v velocity in y direction, cm. /sec.

v volume, ml.

v* volume corrected for determinate errors, ml.
W mass flow rate, g./sec.

x spacial coordinate, cm.

X, mole fraction of species "i'l.

v spacial coordinate, cm.

Greek Symbols

a absorptivity for radiation.

) film thickness, cm.

. e error in 7 .

AE activation energy, kcal. /g. -mole.

AT wall temperature minus saturation temperature, °C.
A’I‘1 saturation temperature minus liquid temperature, °C.
€ emissivity for radiation.

e angle, radians.

K chromatograph calibration constant.

A latent heat of vaporization, cal. /g.
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wavelength, cm.
viscosity, dyne-sec. /cm. 2

manometer reading, cm. Hg.

density, g. /ml.

surface tension, dyne/cm.

2_og4

Stefan-Boltzman constant, cal. /cm.

subcooling parameter.

Dimensionless Numbers

GrD

Grashof number for two phase convection,

3 / 2
D gg(ﬁl~nv) b,

local Nusselt number, hD/k.
average Nusselt number, h D/k.
Prandtl number, c¢ u/k

P

Reynolds number, Dup /#

Subscripts

aiT

B

BP

cool

non-condensables

bulk

normal boiling point
convection and conduction

after ten minutes
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D indicates dimensionless number is based on characteristic
diameter,

f final,

h immediate,

i initial,

in inlet,

j solute.

k solvent,

1 liquid,

L indicates dimensionless number is based on characteristic
length,

o outlet,

T radiation,

res reservoir,

R reacted.

s saturation,

t test section,

it total,

v vapor,

W wall,

o free st‘eam.

NOTE: Numerical subscripts refer to points in Figure 8.
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APPENDIX A

REVIEW OF LITERATURE PERTAINING TO FILM BOILING

Early Literature

The first published description of film boiling was by Leidenfrost
in 1756 (44). Leidenfrost investigated the relatively slow vaporiza-
tion of water droplets on an extremely hot metal surface and con-
cluded,

"Therefore, it has been sufficiently shown that water
made more volatile is increased with degrees of heat
until it comes to that point at which water boils and
all swiftly is evaporated. Then truly if the heat ex-
cites more strongly I diminish the volatility of that
same water and increase its fixation by the added
heat. "

Little more of importance was learned of film boiling until 1926
when Moscicki and Broder (68) observed film boiling on an elec -
trically heated wire. Nukiyama (67) adapted the method described by
Moscicki and Broder, and in 1934 published the curve shown in
Figure 1 which is the first quantitative description of the regimes
of boiling described by Leidenfrost in the above quotation.

The early literature concerning film boiling is descrived in
detail in articles by Chwolson in 1909 (17), by Drew and Mueller in

1937 (18), by Westwater in 1958 (67) (68), by McFadden and Grosh

in 1959 (48), and by Gottfried et al. in 1966 (28). The early research



-121-

was entirely experimental in nature. Because film boiling was re-
garded as a condition to be avoided in practical applications, it was
not until 1950 that an analytical investigation of film boiling was

published.

Free Convection Film Boiling

The first boiling situation investigated analytically was a cylinder
in free convection. In 1950 Bromley (9) developed an equation for
predicting heat transfer coefficients for horizontal and vertical

cylinders by assuming the following:

1. The film is cylindrical and continuous.

2. There is laminar flow within the film.

3. The area from which the bubbles leave is small.

4. The vapor velocity is zero at the wall and the
velocity at the interface lies between zero and
the velocity, if the liquid were inviscid.

5. The liquid is at its saturation temperature.

6. The vapor-liquid interface is at the boiling point.

7. The vapor has no kinetic energy.

8. The film thickness is not time dependent at any
point.

9. The surface temperature is constant.
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10. The vapor properties are assumed to be constant
at an average vapor temperature.
11. The radiation is negligible.

Bromley reduced the general equations for energy and momentum to:

dq = hAT dA (A-1)

= (p,- P) (A-2)

He used the coordinate system shown in Figure 31 and the following

boundary conditions:

N
o
ot
"
1
o
<
I
o

w
o
(=
W
1

S
4(a). at x=8; v=0
4(b). at x =8 ; (dv /dx)V = (dv /dx)1

By at x =§ ; Zquy:)\/dw

where
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O O

cylindrical coordinates

spherical coordinates

Figure 31. - -Spherical and cylindrical coordinate systems.
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The fifth boundary condition represents an energy balance at the
liquid-vapor interface. The solution resulting from the above

simplifications is

Nup, X/PrV 1/4
T4 = (constant) { —— (A-3)
GID, = p, v AT

where

Gr = L (A-4)

The value of the constant is 0. 724 if boundary condition 4(b) is
used and 0. 512 if boundary condition 4(a) is used; Bromley sug-
gested 0,62 as a compromise. Bromley obtained a similar result
for a vertical cylinder.

Bromley (8) later suggest a modification of the above solution

to account more accurately for vapor superheating with the following

result:
1
NuD p, v AT PE, 1/4 A /2
T = 0.62 |— +0.4 (A-5)
GI‘D, v A Cp, VAT J

A more exact solution to the preceeding problem was made by

McFadden and Grosh (48). They reduced the boundary layer
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equations to ordinary differential equations which they solved

numerically for the following cases:

1. compressible flow with variable specific heat,

2. variable specific heat with density variations
in the film,

3. constant properties of the vapor.

McFadden and Grosh considered vapor inertia and assumed the
liquid-vapor interface to be stationary. They also showed that their

solution was applicable to vertical plates according to

Nup = 0.77 Nug, (A-6)

also

Nu = - Nu (A-7)

Frederking (20) also solved the problem of free convection film
boiling on a horizontal cylinder by using the integral method of
von Karman to simplify the boundary layer equations. Frederking
assumed that the properties of the vapor were constant at an average

temperature and considered the vapor inertia term. He obtained the

following solution for high vapor superheat:
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99 GrD " Pr :}:2 1/4
Nu_~ = 0.802 : ¥ (A-8)
560 (prv* + 32/33)
where
* 35 A
Pr, = Pr |l &%= s—— (A-9)
11 ¢ AT
P,V

Transient film boiling on a thin horizontal cylinder was investi- .
gated analytically and experimentally by Pitts et al. (55). They
assumed a uniform vapor film thickness which increased with time,
and thereby, obtained a transcendental expression for determining
the film thickness as a function of time. Their discussion includes
a review of transient boiling studies.

The solutions of Bromley, McFadden and Grosh (constant
properties), and Frederking (high superheat) are compared in
Figure 32.

In 1954 Ellion (19) applied Bromley's simple solution to a
vertical flat plate with free convection. The boundary conditions
were the same as those used by Bromley with the exception that the
vapor velocity was zero at the liquid-vapor interface. The solut:on

obtained by Ellion is
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NuL APrV 1/4
Ty = 01— (A-10)
Gr c AT
1, v P,V

In 1959 McFadden and Grosh (48) presented their solution for a
vertical flat plate with free convectiop as previously mentioned, and
in 1962 Koh (41) extended their solution taking into account vapor
velocity and shear stress at the liquid-vapor interface. He began
with the boundary layer equations and by using a similarity trans-
formation reduced them to ordinary differential equations which he
solved numerically., The additional parameter which is required in

this solution is the ratio

(Pw),,

(Pm),

By using the same techniques he used for the horizontal cylinder
solution, Frederking (20) also solved the vertical flat plate problem.

In this case, his solution for high vapor superheat is

. 2 1/4
Nu 22 pp *
L =| 193 X (113
X 1/4 % . B ‘
GIL, . Pr + 80/99

where
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N 35 A
Pr_ Pr |1+ —(——m— (A-12)
5 11 \e_ AT

»

Figure 33 is a comparison of the results of Ellion, Frederking
(high superheat), Koh, and McFadden and Grosh (constant properties).

Free convection film boiling from a horizontal plate was investi-
gated in 1958 by Zuber (73) who used an analysis based on the
Rayleigh-Taylor instability, which is an instability due to gravity
forces acting on a2 more dense layer above a less dense layer, A
detailed discussion of this instability was given by Chandrasekhar
(15). Zuber's work was extended by Chang (16) who obtained the

following heat transfer result for a horizontal plate:

1/3

NuL = 0,234 (PrV GrL, v)

(A-13)

Berenson (3) and Ruckenstein (59) (60) extended Chang's solution

to include surface tension effects. Their solution is

/ 12 | 1/4
Nu APr L g(p, - P)
L v [ I ] (A-14)

Li, » P,V goa

Frederking et al. (24) suggested the following relationship for the

case of small viscosity and surface tension effects
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2/3
1/3 W
NuL = (constant) (GrL, v) Prv —_— (A-15)

€p, v AT

Bankoff (1) investigated the special case of a porous horizontal
plate with all vapor being removed through the plate.

A comparison of the Chang, Berenson-Ruckenstein, and
Frederking et al. solutions is presented in Figure 34 for a vapor
Prandtl number of unity. Hosler and Westwater have obtained data
which indicates that the relationship derived by Berenson and
Ruckenstein more accurately predicts the average Nusselt number.
Frederking et al. (24) performed an experimental investigation
which indicated that for cryogenic systems their equation best des-
cribes the heat transfer.

The case of natural convection film boiling on a sphere was
solved by Frederking and Clark (21) using the boundary layer theory.
The general equations were first reduced to those below. The

equations for the vapor were

dur Jvr
+ = i) (A‘lb)
Q x dY
du v (Pl - P) x m 3 2u
u—— 4 y=— = g =——— gin — 4 ¥ (A-17)

Jdx dy P R P Jdy
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horizontal plate.

o
\a
.
| l |
0.1 1.0 10.0
p AT/ A
Chang (16) {a- Gry, = 0.1
b. GrL = 1.0
c. GrL =0.1; B=1.0
Berenson (3) \d. Gry, = 1.0; B=1.0
e. Gry =1.0; B=10.0
Frederking et al. (24) {f Grp =0.1
- g. Grp,=1.0
Figure 34. --Correlations for heat transfer on a
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3T 3T k 32T
¥ W = - (A-18)
dx Ay pvcp,v dY

u

The R term is the radius of the sphere as shown in Figure 32.
The equations for the liquid are the same with the ''v!'" subscript

replaced by an '1l" subscript. The boundary conditions were

u—p 0 as y—p 0

and at the interface

vV = % 1
T~ = r].
dw = dw
v 1

ey da [-BT/ oy) | - dw,

The solution to the above equations is

1/4

Sl A
——1/4 = 0.586 P | s (A-19)
G, & S, w BT

The above result was recently extended by Rhea and Nevins (58) to

cover the case of an oscillating sphere. An experimental investigation
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of free convection [ilm boiling on a sphere was conducted by Merte
and Clark (49). They found an unusual gravity dependence which
they attributed to turbulence in the film.

Frederking and Daniels (22) noted a relationship between the
frequency of bubble removal and the bubble diameter during film
boiling on a cylinder., They found that the product of the frequency
and the square root of the diameter equaled a constant.

Recently, Hendricks and Baumeister (30) considered a model
consisting of a vapor dome on top of a sphere into which vapor flows
from a thin vapor region existing on the lower portion of the sphere.
Their analysis was based on a model similar in concept to that of
Frederking and Clark for the lower portion of the sphere and on a
model similar in concept to the Berenson-Ruckstein horizontal plate

model for the vapor dome on top of the sphere. Their solution is

1/4

4)\/ -2G/3 1/4
NuD = GrD’ VPrV 5
Cp,v ( Pl -P)gD
o go
stk R 3K
+1.77 (1 4+ cos@ )+ csch (1 + cos @) {A-20)

where G and @* are functions of the parameter
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Gr Pr A
Arr

Cp,V

and have been evaluated numerically, and

/ 2 AT
A= A 1+o.4P_’VA_]

Forced Convection Film Boiling

In 1953 Bromley et al. (10) investigated forced convection film
boiling. They considered a horizontal cylinder and assumed that
for high flow rates conduction through the film occurs only on the

lower half of the cylinder. Their result is

1/2
Nuy (Pu) A*
— = 2.7|Pr 4 ( ) (A-21)
ReD 2 (Pu)1 Cp,VAT
where
- 1 +0.4 AT/ \)>
= XA (1 +0. Cp,V A)

The constant 2.7 was adjusted experimentally to fit their data.
Forced convection film boiling over a flat plate was examined by
Cess and Sparrow (13) using the boundary layer theory. Their model

and coordinate system are shown in Figure 35. They began with the
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Figure 35, --Coordinate system used for forced con-

vection film boiling on a flat plate.
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continuity equation,

du v
(A-22)

—_

ox Yy

In this case, buoyancy effects were assumed to be negligible in

comparison to forced convection effects. Thus,

udu vau d2u
p + = (A-23)
dx dY Byz

Again radiation, viscous dissipation, and kinetic energy were

neglected. The energy equation is then

wdT vaT| T
pc + =k (A-24)
Plax dy Oy 2

The equations for the two phases are identical and must be solved

simultaneously. The boundary conditions used for the solution of the

above equations were

at y =8
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dé dé
4, Pl[u-—--—v] = P[u__V]
dx

v
1 dX %
at y =0
L. w2 % = 0
2: T = T
w
at y =00
1 u = U
The resulting solution is
—_— — 1/2 -1/2
NuL K, NuL "v (Pt‘l)1 Cp, = AT
sl I iy = (A=25)
‘, A
ReL Pl ReL “1 (p}l)v PrV

This is an asymptotic solution for large values of the term on the
right.

The preceeding problem also was solved for a uniform heat flux

rather than a uniform surface temperature by Cess (12).

The result
is

(PH), aT] "1
Nu =

C
P,V
= 1.414
L

(A-26)
(P#)V APrV
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Cess and Sparrow's solution for forced convection was solved
numerically and in more detail by Ito and Nishikawa (34). Their
solution required the P ratio as an additional parameter. The
importance of this additional parameter can be seen in Figure 36
where the solution of Cess and Sparrow, Cess, and Ito and Nishikawa
are plotted for a vapor Prandtl number of unity and representative
values of the pu ratio.

Bromley's solution for forced convection on a cylinder was ex-
tended by Kobavyasi (39), (31), (40) to cover the case of forced con-
vection on a sphere. Kobayasi applied Bernoulli's theorem to obtain
a set Qf equations which describe both forced and free convection

effects, These equations are

9. .
il ¥ . . . 4. 1173 3/2
= — (¥sing - sin2¢) sin ™~ ¢ d 6 (A-27)
9170
where
2 172 2
4 1 7 | c AT NuD
A =—f— "2 —_— BV (A-28)
A
3 PI‘V " P, ReD
2 3 p2
NuD K, 1 32 gR 1
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-1 -
and
¥ = -2 cos 88 (A_30)

where 60 is the angle (coordinates in Figure 31) beyond which the

film is sufficiently thick that heat transfer by conduction does not

occur. For very high velocities 8 = 90°, and also
Nu n 1 32 1 p2
1y i ¥ L > — ; gr3 __1_2 (A-31)
ReD #l (1 - cos GS) 9 ReD Pl
The above equations then reduce to
1/2
NuD -3 B B A 4
— = (constant) Prv + 0. 68 (A-32)
K P
R_ED 1 ui 1 Cp,VAT

which is similar to the solutions obtained by Bromley for a cylinder
and by Cess and Sparrow for a flat plate. The above equation also
was derived in a simple manner by Witte (69). The value of the con-
stant in Kobayasi's result may be evaluated analytically; however,
Witte suggested that an experimentally determined value better
describes the heat transfer relationships. At low velocities Equation
(A-27) reduces to an equation similar to that obtained by Frederking

and Clark (21), Equation (A-19), for film boiling on a sphere,
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Liquid Drops

As previously mentioned, in 1756 Leidenfrost investigated the
slow evaporation of liquid drops on a hot surface. In 1966 Gottfried
et al. (27) (28) published an analytical description of this evaporation.
They assumed that mass was removed from the droplet by evapora-
tion on the lower surface and by diffusion from the upper surface,
and that the droplet was supported by the excess pressure of the
vapor in the film. The evaporation rate was determined by satisfying
momentum, heat and mass balances., Their result for negligible

radiation is

ﬁ_DOZ c ATy 1/2
————— = (constant) GrD P (A-33)
t K oV )(Prv

where

X= 30 e, LAT)

’

and DO is the initial diameter of the liquid droplet. By a comparison

to experimental data, the constant was found to be 0.0166.

Ligquid Subcooling

The analyses thus far discussed have made the important assump-

tion that the liquid considered was at its saturation temperature.



T

The effect of éubcooling the liquid below its saturation temperature
is to decrease the film thickness and to increase the rate of heat
transfer through the film, Much of the preceeding work on free and
forced convection film boiling has been extended by considering the
effect of a subcooled liquid.

Chang (16) applied Neuman's solution for melting ice and found
that the effect of a subcooled liquid can be introduced by using a

""generalized' Prandtl number.

2 A 2AT, c 1 P
- ]- P, 1
PrV = Pr |——— + (A-34)
c AT c AT »p
P:Vv P,V %

This result is accurate for small degrees of subcooling and may be
used in Chang's solution of a horizontal plate and also in Ellion's (19)
solution for a vertical plate.

Frederking and Hopenfeld (23) extended the vertical plate solution
of Frederking to include a highly subcooled region, a moderately sub-
cooled region, and a slightly subcooled region. Their solution for a

moderately subcooled region is

1/4

4 2
2 A |'k1 AT, |* arp Py

o + (A-35)
3 2 T lkvAT (1 + Pry)
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The free convection solution of McFadden and Grosh (48) was
extended to apply to a subcooled liquid by Sparrow and Cess in 1962
(63). They reduced tl"1e boundary layer equations to ordinary differ-
ential equations which they solved numerically. The additional

parameters required to describe the subcooling are

c AT
Pr , i TE o o
1 A
where
1/2 1/4 1/4
(pk) P - p c
o v v p,1
(p1), A By A

In 1965 Nishikawa and Ito (52) extended the solution of Koh (41)

to apply to a subcooled liquid, Their solution involved the additional

parameter

(P u)
i

(P u)
1

The solutions of Chang, Sparrow and Cess, Nishikawa and Ito,
and Frederking and Hopenfeld (moderate subcooling) for free con-
vection film boiling on a flat plate in a subcooled liquid are compared

in Figure 37. This comparison is made with vapor and liquid
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Prandtl numbers of unity.

Cess and Sparrow (14) extended their analysis of forced convec-
tion on a flat plate (13) to include subcooling of the liquid. Their

numerical solution used the additional parameter

Pr !]'AT]_

v CP

Pr c AT
1 P,V

Ito and Nishikawa (34) included subcooling of the liquid in their
analysis of forced convection on a flat plate. Their numerical result

required the following parameter to describe the effects of the sub-

cooled liquid

Cp, v ATl
(Pp),

VPry
(pa) 1

A comparison of the results of Cess and Sparrow with those of Ito
and Nishikawa is included in the paper by Ito and Nishikawa (34). The
results correspond for a small Pr ratio, a small degree of superheat-
ing of the vapor, and a small degree of subcooling of the liguid.

An experimental investigation of subcooled film boiling of liquid
sodium on a sphere has been made by Witte et al. (70) (71). They

concluded that the following equation derived by Sideman (61) for
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forced convection heat transfer with no film boiling and for slip at the

wall described the phenomena:

1/2

u,(Pk cp)l
q= L3 |——F] (T -T ) (A-36)
D

Jacobson and Shair (35) noted that subcooling of the liquid can
result in instantaneous condensation of the vapor bubbles. A detailed
description of the phenomena is presented in Chapter I, ''Description

of Apparatus' and in Appendix J.

Radiation Effects

The preceeding discussion of film boiling literature used the
important assumption that radiation is negligible. During film boiling
of cryogenic liquids, this may be the case; however, during film
boiling of a liquid such as water, radiation will probably account for
at least several per cent of the total heat transferred, and during the
film boiling of liquid metals, radiation may account for the bulk of
the heat transferred.

The simplest correction which can be made for radiation is to
consider the heating surface and the liquid-vapor interface as flat
parallel plates with a non-absorbing vapor between them. This

- method was used by Bromley (9) to describe radiation from a cylinder
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in free convection film boiling. He found that

ho - (A-37)

Because the liquid considered was saturated, and because radiation
will increase the film thickness and decrease hC , the coefficient for

total heat transfer is

h =h & 15 (A-38)
For forced convection film boiling around a horizontal cylinder,
Bromley (10) recommended that

7
h th +§h (A-39)

r

Ellion (19) also applied the above simplification to describe radiation
during free convection film boiling on a vertical flat plate. He sug-

gested

h = h_ —_ +h (A-40)
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Kobayasi (39) recommended the same approach for free and

forced convection film boiling on a sphere. He suggested
h=h +h (A-41)

A more extensive analysis of the effect of radiation was made by
Sparrow (62). He considered the additional problem of emission and
absorption by the vapor in the film. He concluded that the effects of
a radiatively-participating vapor on heat transfer are negligible

Yeh and Yang (72) recently have presented a theoretical study of
heat transfer during free convection film boiling on a plate and a
sphere. They began with an energy equation containing a radiation
term, and by a similarity transformation reduced the energy and
momentum equations to a set of ordinary differential equations.
These can be solved numerically for either a saturated or subcooled

liquid.

. Interfacial Waves

In the previous analysis the interface was assumed to be smooth
and without waves. However, as Westwater (68) first pointed out,
the vapor-liquid interface may have waves. The physical situation
of film boiling on a vertical flat plate is similar to that of a liquid

film falling down a solid surface. Kapitza (36) (37) investigated a
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falling liquid film. He assumed the wavelength to be much greater
than the film thickness and the amplitude of the waves to be much
smaller than the film thickness, As a first approximation, he found

that the phase velocity equals three times the interfacial velocity and

.. 3.32 B &
A= i (A-42)
= ]
where A is the wavelength and v, is the interface velocity.

Bradfield (5) performed an analytical and experimental analysis
of wave generation at a stagnation point during free convection film
boiling on a vertical cylinder with a hemispherical lower end. He
assumed a liquid mass moving against a gas layer spring and damper
at the stagnation point with the wave generation and the heat pulse
acting as a forcing function. He found the wave frequency to be re-
lated to the radius of the hemisphere, the vapor and liquid properties,
and the temperature difference.

A photographic investigation of waves on a vertical cylinder
during film boiling was made by Brauer (7). He also used an elec-
trical contact device to measure the frequency of the waves in the
vapor film.

The presence of film boiling may result in large reductions in

friction drag as pointed out by Bradfield et al. (6). The presence of
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the film results in a condition comparable to slip at the solid surface.
Drag reduction is included in several of the preceeding discussions

such as Cess and $parrow (13) and Ito and Nishikawa (52).

Simultaneous Nucleate and Film Boiling

In the preceeding discussion only film boiling was considered.
Often, nucleate boiling and film boiling may be present simultaneously
or film boiling may change to nucleate boiling and vice versa. The
transition from nucleate boiling to film boiling is discussed in detail
by McBeth (47). It also is possible for film boiling to exist along
with nucleate boiling and non-boiling convection on the same surfacé.
An investigation of simultaneous nucleate and film boiling on a
horizontal cylinder was made by Kovalev (42). A similar investiga-
tion was made by Lai and Hsu (43). They investigated a fin which
was cooled simultaneously by nucleate boiling and non-boiling con-
vection.

It has been noted by Bradfield (4) that the vapor film present
during film boiling may collapse ifor brief periods. This liquid
solid contact depends on the roughness of the surface, subcooling of
the liquid, and thermal conductivity of the solid. Bradfield's photo-
graphic study indicated that controlled liquid-solid contact may be

possible.
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APPENDIX B

ERROR ANALYSIS

The nineteen measurements made during an experimental run
may contain random error. An estimation of the maximum possible
magnitude of this error was made and is listed in Table 2 in
Chapter II

These errors in measurement will effect the calculated results,
The relationship between the maximum error in measurement and
the maximum error in a calculated parameter is given by the follow-

ing equation (50):

dY dY | R
sq - (%) v (S )sa, ok ( a, (B-1
39, 69, 5, 849, 3q_ 89, (B-1)
where
= s 5 & W ¥ 5 B-2
Q ACH 9, q) (B-2)
8gq = the maximum expected error in measurement, q,
n
6Q = the maximum possible error expected in the

calculated parameter, Q.

The above equation results in an addition of maximum possible errors,
and therefore, it results in an upper bound on the error in the calcu-

lated parameter. Because the possibility of a simultaneous occurance
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- of several extreme errors is highly unlikely, the above equation
yields an exaggeration of the maximum error. However, the equa-
tion is valuable in determining the relative magnitude of error in
the various parameters, Equation (B-1) was applied to the various
equations used in the reduction of data. |

The equation for determining the oxygen concentration in the film
is

P
02,0 atm (B-3)

The maximum possible error in the calculated oxygen concentration

then is given by

XOZ,OPatm BXOZ,O (B-4)

SXOZ’ 2 = i
02 XOZy o

The equation for computing the molar ratio vaporized from the

oxygen measurements, Equation (3-62), becomes

S(Nz)H *0,, in Tatm [8%0,, in . 8%5,, 0

N b'e (B-5)

3 XOZ. o HO2 XOZ, in 02, o
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The above error in the molar ratio vaporized enters into the
calculation of the nitrogen concentration in the film. By applying

Equation (B-1) to Equation (3-62),

Hy, (8 NZ)
BXsz in Patm N3

SXN =B + = (B-6)
2 2 X ; N NZ
Ny in ., Na 2
Patrn N3

A simplification was made to give an approximation of the size of
the error expected in the inlet nitrogen concentration:

o x : 5x :
N>, in 05, in
2 - 2 (B-7)

*Nj» in *05, in

The assumption was made during the reduction of data that the
‘rnolar ratio of hydrogen to nitrogen in the film was equal to the ratio
of hydrogen to nitrogen in the collected non-condensables. The
maximum error expected in the concentration of hydrogen in the film

is then

5 SXNZ, > 5A.H2 SAN? 58
x = % + + = -
Hp, 2 - “Hp, 2

2 5 A

"Nz, 2 THp

. . ”
The maximum error expected in A’ may be expressed as
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k=1 m, dm, Sm S{T. - T.)

u i 1 H>O 2 s
= Z “p,i (T - Ty) § 2 )

i=] m e m; mHzO (T2 - Ts)

By H,0 5(T2~TS) + ) 8(Ts - T,) (B-9)

»

The maximum error in TS was estimated to be 16°C. This
estimation is based on the difference between Ts and T0 in Table 15.
The value of Ty should be very close to To’ and as seen in the
table, a discrepancy of up to 16°C exists on runs in which accurate
data were obtained. Several of the runs had rapid hydrogen generation,
and consequently, these runs did not have accurate oxygen concentra-
tion data. These runs were Numbers 14, 33, 34, 76, and 87.
Equation (B-9) requires the error in the water vapor concentration in

the film found by
-0x = Ox + &x + 6x (B—lO)

The minus sign is necessary in the above equations because the
steam concentration was obtained by subtracting the other concentra-
tions from unity. Therefore, a positive error in the other concentra-
tions results in a negative error in the steam concentration.

The error in the thermal conductivity of the gases in the film is

related to the error in the concentrations in the film by
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k Bxi
J

1= Xl

The above equation assumes that a negligible error is introduced in
the determination of the thermal conductivity by error in the measure-
ment of the film terhperature. The equation also assumes that error
‘introduced by error in the method of computing the thermal conduc-

tivity is negligible.

The error in the density of the film is given by

k Sxi 8T2
b‘pv = Z x; Pi + Qf —_— (B-12)
i=j %, T2

The maximum error in r depends on the other computed maxi-

mum parameters according to

B 50 s\  SAT 5w 28(T -T. )
5r=r ¥ e + + ° 2| (B-13)

k o \ AT w (T_-T, )

The error in the quantity of heat transferred by radiation is not in-
cluded in the above.
The error in the measured value of the surface temperature is

\
related to the error in the reciprocal of the absolute temperature by
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5 = .4 (B-14)

The error in the rate of hydrogen generation is given by

N3X‘Hz’z I'N2<8w Btz,z BNZ/N3)
+

l 3 Y TH, 2 3
1 Sw ox
+ ( b 2 ) (B-15)
H W x

The percentage of error in the molar flow rate is assumed to
equal the pef‘centage of error in the mass flow rate. The mass
fraction vaporized as determined from the heat transfer measure-
ments has a maximum expected error which is given by the following

equation:

”
(B-16)

The percentage of oxygen remox}ed during the film boiling has an

estimated maximum error which is given by the following equation:

X ox Ox :
O5, 03,0 0>, in
2: 2 + 2 (B-17)

5(% O, removed) =
XOz, in XOz, o XOz, in
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The error in the Reynolds number depends largely on the error

in the flow rate measurement; therefore,

dw
5 Repy = ReD(—) (B-18)

w

The maximum expected error in the Nusselt number for heat

transfer to the liquid depends on the following relationship:

8(l-7) 8w BAT, (T _-T, )
Nup 1 = Nup + % + (B-19)

l1-r1 W AT (T -T_)
1 o in

The preceeding equations may be used to obtain an approximation
of the maximum random error, They have been evaluated for two
cases. The first was Run Number 1 which had a high liquid flow
rate and a low surface temperature. The second was Run Number 13 .
which had a low liquid flow rate and a high surface temperature.
These two runs are near the two extremes over which the data were
taken.

The results of these calculations are presented in Table 5 which
lists the value of the quantity, the expected maximum error in the

value, and the percentage of maximum error. The maximum ex -

pected error ranges from zero for the thermal conductivity to 47% for

the rate of hydrogen generation.
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TABLE 5

MAXIMUM “POSSIBLE ERROR

5Y
Quantity " Run ¥ 5 Y
(%)
e 1 0.1161 0.0079 6.8

A
13 0.0968 0.0079 8.2
N, /N3x10° 1 2. 547 0. 367 14. 4
(O2 measurement) 13 3.613 0.527 14. 6
XNy, 2 1 0.2484 0.0333 13.4
13 0.2159 0.0308 14. 3
Xpp. 2 1 0.0005 0.0001 19. 4
2 13 0.01967 0.0040 20. 3
x 1 0. 6350 -0.0413 6.5

H
20, 2 13 0. 6677 -0. 0427 6.4
A\’ 1 776.9 26.7 3.4
(cal./fg.) 13 821.8 2%.3 3.3
k,x10% 1 1. 24 0.0003 nil
(cal. /sec.-cm.) 13 1. 55 0.0172 1.1
e x 104 1 3.92 0.102 2.6
(g. /cc.) 13 3.33 0.083 2.5
rx 107 1 8. 58 1.43 16.7
13 88. 09 25.90 29. 4
\
w 1 2. 32 0.1 4.3
(g. /ce.) 13 0.61 0.1 16. 4
AxN x108 1 0.252 0.095 4.3
R, H,

13 3. 30 0.155 47.0

(g.-moles/sec.)
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TABLE 5 (Continued)

Qﬁantity Run Y &Y Gy'y
(%)
N,/N3x 10° 1 1. 666 0.278 16.7
(Heat trans.) 13 1.470 0.432 29. 4

% O, removed 1 64.1 1.7 2.
13 Tha T 1.5 21
ReD 1 318.5 13. 7 4.3
13 85.4 14.0 16. 4
NuD 1 1 671.1 210. 31.3
133.9 58.0 43.3
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APPENDIX C
ELIMINATION OF CHEMICAL REACTIONS
BY GOLD PLATING OF THE SPHERE

Hydrogen and oxygen chemically react with steel at high temper-
atures. Hydrogen was found in the collected non-condensables in all
runs made with a steel sphere with a surface temperature above
770°C. By coating the steel spheres used in the experimental runs
with a non-reacting substance these reactions should be eliminated.

To investigate this possibility, a gold plated sphere was used in
the previously described apparatus. Since no reaction could be
expected to occur using the gold plated sphere, no hydrogen should
have been found in the collected non-condensables.

There are two problems involved in the use of gold plated spheres
The first is that the gold readily diffuses into the steel at high tem-
peratures. To retard this diffusion the spheres were plated with a
layer of nickel before they were plated with gold. The problem of
the gold diffusing is discussed in detail in Appendix D.

The second problem encountered in using gold plated spheres
results from the low emissivity of the gold. According to the

Handbook of Chemistry and Physics (32), oxidized steels have an

emissivity of about 0.9 and gold has an emissivity of about 0. 03,

Therefore, when using a gold plated sphere the optical pyrometer
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reads a temperature which is considerably lower than the correct
temperature; the necessary correction is difficult to make.

Run Number 91 was made using a gold plated sphere. The spﬁere
remained shiny during the run indicating that little diffusion of gold
into the steel occurred. The procedure used for this run was iden-
tical with that described in Chapter III. In Run Number 91 no
hydrogen was found in the non-condensables.

Thg results obtained for Runs 1 through 90 of the final series
of runs were used to calculate the surface temperature for Run
Number 91. The Reynolds number for this run was 250. 6. Since
Run 91 was made under conditions identical to those of Runs 1 through
8, Figure 20 was used to determine r for Run Number 91. The
value of r was 1.05x 1072,

The procedure used to obtain 7 for Runs 1 through 90 was
repeated for Run 91 by using various values of Tw. The value of
Tw which resulted in the correct value of r was 869°C. In using
the above procedure the radiative heat transfer was assumed to be
negligible because of the low emissivity of the gold.

The various other heat transfer parameters also were computed
for Run Number 91 and they are listed in Table 6. Since a relatively -
high surface temperature was found to exist during Run Number 91

and since no hydrogen was found in the non-condensables, it may be
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TABLE 6

CALCULATED HEAT TRANSFER PARAMETERS
FOR RUN NO. 91

Quantity Value

B 869°C

W, | 84.0°C

; B -4.89C
Ny /N 2.27 x 10-°
- 1.05 x 10-%
Rep 250. 6
Pry | 2 227
RepPr, 558, 1

h 0.0312

cal. /em. % -sec.°C

24.5 cal./cm.2 -sec.

0

Z
&

D,l 621-2
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concluded that the gold prevented any steam-iron reaction from
occurring at the wall. It also rnay be concluded that the hydrogen
occurs from a reaction at the wall and not from a homogeneous
.reaction; since if a homogeneous reaction were present, the gold

would not have eliminated the reaction.
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APPENDIX D

DIFFUSION OF GOLD INTO A STAINLESS STEEL SPHERE

Several spheres were plated with gold to retard the iron-steam
reaction and the iron-oxygen reaction. Appendix C indicates that
the gold may eliminate the iron-steam reaction. However, the gold
will diffuse into the stainless steel spheres at high temperatures.
Since a thin layer of gold, 0.00010 inches, was used, iron might
appear on the surface if the sphere was held at a high temperature .
for a long period. In an attempt to eliminate this diffusion, a layer
of nickel was plated on the stainless steel spheres before the gold
plating.

Since the gold retards the steam-iron reaction, the rate of
hydrogen production from this reaction should give an approximation
of the co.ncentration of iron on the surface. This is turn may be used
to determine the rate of diffusion of the gold into the iron and of the
iron into the gold.

To test the above hypothesis, Runs 35 through 43 were made at
temperatures exceeding 750°C with two gold plated spheres of one-
half inch diameter. Table 7 lists the total timne that the spheres were
kept at a specific temperature in the apparatus at the mid-point of
each run. Since the runs were at slightly different temperatures, the

temperatures listed in Table 7 are average temperatures. Run 43
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TABLE 7

TIME-TEMPERATURE DATA FOR GOLD PLATED SPHERES

SPHERE A
Run 35 2041 sec. at 852°C
Run 36 4611 sec. at 852°C
Run 37 7104 sec. at 852°C
SPHERE B
Run 38 1306 sec. at 788°C
Run 39 3811 sec. at 7880°C
Run 40 6187 sec. at 788°C
Run 41 | 8706 sec. at 788°C
Run 42 11219 sec. at 788°C
Run 43 12480 sec. at 788°C
and
827 sec. at 951°C
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was made at a considerably higher temperature than the earlier runs
made with Sphere B and is listed accordingly in the table,

The rates of hydrogen generation were calculated and plotted in
Figure 38 as a function of the reciprocal of the absolute temperature.
The runs were all made in numerical order and are numbered in the
fipure. The line in the figure represents the results obtained with a
stainless steel sphere under similar circumstances.

Sphere A previously had been used for Run Number 91, which is
discussed in Appendix C. At the conclusion of Run Number 91 the
sphere was a shiny gold color indicating that a high concentration of
gold remained on the surface. However, at the conclusion of Run
Number 35, the sphere was black indicating a large concentration of
oxidized metals on the surface. The runs made with Sphere A do not
sh§w any correlation between the hydrogen generation rate and the
time that the spheres were maintained at a high temperature in the
apparatus. The runs made with Sphere B show a reduction of
hydrogen generation rate after a long period in the apparatus. This
trend possibly may result from a thick coating of oxides on the sur-
face causing the reaction rate to become diffusion limited.

There are several problems present in the above experiments.
First, the nickel and iron oxides effect the rates of diffusion; there-

fore, the diffusivities are concentration dependent. Secondly, the
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spheres partially covered with gold.

l E |
\
\
|__ obtained from runs __g\ —_—
26-34 57-59 \
stainless steel sphere 37
( P ) \ 0
\
\ S
\
\
‘35
¢35 B
\
\?39
40 —
o)
\
@43 13 .\
\ o
\
\
41 @\
— §gold sphere A (runs 35-37) \N T
\
@:zcld sphere B (runs 38-43) \
| -
w=0.61g./sec. @42
D=1.27 cm.
mOZ’inz7 pP. P, m. l
1
8 9 10
1/T,, x 10% (ok-1)
Figure 38. - -Experimental runs made with
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steam may diffuse through the gold layer and react with iron within
the sphere. For these reasons an analytical investigation of the above
experiments was not attempted. A further and more extensive experi-
mental investigation is needed before any concrete conclusions may

be drawn regarding the diffusion of gold into the spheres.
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APPENDI X E

CALIBRATION OF CHROMATOGRAPH

The. output of the chromatograph was a voltage versus time trace
on é. strilz; chart recorder. The area under the curve was propor—l
tional to the quantity of each component injected into the carrier gas.
The maximum voltage for each component also was proportional to
the quantity of each éomponent injected, but only at a constant carrier
flow rate.

Nine mixtures of hydrogen, nitrogen, oxygen and argon were
:prepared for use in the calibrat